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PREFACE 




3 G-PO n U % N 


This Rate Training Manual will serve as an aid for enlisted men 
of the U. S. Navy and U. S. Naval Reserve who are preparing for increased 
responsibility in the rate of Fire Control Technician M 3 and 2. 


One of a series of Rate Training Manuals, this manual is designed 
to give enlisted men background information necessary for the proper 
performance of their duties and training in consonance with the Navy’s 
goal of training for victory at sea. 

The predominant factor in the selection of the content of this 
publication has been the Manual of Qualifications for Advancement, 
NAVPERS 18068-C. 


This book was prepared by the Naval Education and Training Pro¬ 
gram Development Center for the Naval Education and Training Command. 
Special credit is given to the Naval Ship Weapon Systems Engineering 
Station, Port Hueneme, California; Naval Guided Missile School, Dam 
Neck, Virginia Beach, Virginia; and the Naval Examining Center (dis¬ 
established), Naval Training Center, Great Lakes, Illinois. 


Revised 1974 


Published by 

NAVAL EDUCATION AND TRAINING SUPPORT COMMAND 


Stock Ordering No. 
0502-LP-051-0460 


UNITED STATES 

GOVERNMENT PRINTING OFFICE 
WASHINGTON, D.C.: 1974 
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THE UNITED STATES NAVY 

GUARDIAN OF OUR COUNTRY 

The United States Navy is responsible for maintaining control of the sea 
and is a ready force on watch at home and overseas, capable of strong 
action to preserve the peace or of instant offensive action to win in war. 

It is upon the maintenance of this control that our country’s glorious 
future depends; the United States Navy exists to make it so. 

WE SERVE WITH HONOR 

Tradition, valor, and victory are the Navy's heritage trom the past. To 
these may be added dedication, discipline, and vigilance as the watchwords 
of the present and the future. 

At home or on distant stations we serve with pride, confident in the respect 
of our country, our shipmates, and our families. 

Our responsibilities sober us; our adversities strengthen us. 

Service to God and Country is our special privilege. We serve with honor. 

THE FUTURE OF THE NAVY 

The Navy will always employ new weapons, new techniques, and 
greater power to protect and defend the United States on the sea, under 
the sea, and in the air. 

Now and in the future, control of the sea gives the United States her 
greatest advantage for the maintenance of peace and for victory in war. 

Mobility, surprise, dispersal, and offensive power are the keynotes of 
the new Navy. The roots of the Navy lie in a strong belief in the 
future, in continued dedication to our tasks, and in reflection on our 
heritage from the past. 

Never have our opportunities and our responsibilities been greater. 
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CHAPTER 1 


THE FIRE CONTROL TECHNICIAN (MISSILE) 


INTRODUCTION 

This training manual has been prepared for men 
of the Navy and of the Naval Reserve who are 
studying for advancement to the rates of Fire 
Control Technician (Missile) 3 and Fire Control 
Technician (Missile) 2. The Fire Control Tech¬ 
nician (Missile) qualifications used as a guide in 
the preparation of this training manual are those 
contained in Revision C, Change 1, of the Manual 
of Qualifications for Advancement , NavPers 
1&068-C. This rate training manual is based 
on the latest change to the quals. The subject 
matter in this training manual has been organized 
to give you a systematic understanding of your 
job. 

Chapter 2 introduces the guided missile and the 
basic methods of controlling its flight. Chapter 3 
provides an overview of a representative ship¬ 
board weapons system and presents elements of 
the missile fire control problem. Chapter 4 con¬ 
tains basic information on missile handling and 
testing, and provides both basic and specific 
information on ordnance safety precautions. 

Basic mechanical, electromechanical, and elec¬ 
trical component parts common to Navy missile 
systems are the subject material of chapter 5. 
Chapter 6 discusses the basic principles of analog 
computers and computing mechanisms. Chapter 7 
introduces you to digital computer techniques 
and devices. Chapter 8 contains basic information 
on fire control radars. Chapter 9 incorporates 
fundamental information on servomechanisms. 
Chapter 10 considers gyroscopes and some of 
their applications. 

Chapter 11 highlights the use of synchros, 
resolvers, and digital devices in intraship 
data transmission systems. General purpose 
test equipment commonly used by the mis¬ 
sile fire control technician is presented in 
chapter 12. Administrative requirements are 
presented in chapter 13. Finally, chapter 14 


covers maintenance techniques currently being 
employed aboard Navy surface missile ships. 

Completion of this manual, applicable to all 
surface missile system areas, prepares you for 
one of three supplementary courses which will 
provide you with specific knowledge concerning 
the surface missile system to which you are 
assigned. The subject matter of the 3 supple¬ 
mentary courses will be as follows: 


Supplement 1 — Terrier weapon system equip¬ 
ment. 

Supplement 2 — Tartar weapon system equip¬ 
ment and Basic Point Defense Surface Missile 
System. 

Supplement 3 — Talos weapon system equip¬ 
ment. 


Completion of the applicable supplementary 
course is essential with regard to your prepara¬ 
tion for advancement in rating. 


THE ENLISTED RATING STRUCTURE 


The two main types of ratings in the present 
enlisted rating structure, are general ratings 
and service ratings. 

GENERAL RATINGS identify broad occupa¬ 
tional fields or related duties and functions. Some 
general ratings include service ratings; others 
do not. Both Regular Navy and Naval Reserve 
personnel may hold general ratings. 

SERVICE RATINGS identify subdivisions or 
specialties within a general ratings. Although 
service ratings can exist at any petty officer 
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level, they are most common at the P03 and P02 
levels. Both Regular Navy and Naval Reserve 
personnel may hold service ratings. 


THE FIRE CONTROL 
TECHNICIAN RATING 

As a Fire Control Technician, you must 
learn the fire control problem to better enable 
you to visualize the functions of the equipment 
in a fire control system. But knowing the theory 
behind the problem and the functions of the 
equipment is only part of your job. You’ll have 
to practice many skills to maintain the equip¬ 
ment. 

You must be a mechanic so that you can 
maintain, adjust, and repair fire control equip¬ 
ment. You must learn the principles of mech¬ 
anics and how to use handtools, gages, and 
measuring instruments effectively. 

You must be an electrician, for you’ll be 
working with electric motors and generators, 
switchboards, and control devices for heavy 
equipments such as directors and radar sets. 

You must be an electronics technician be¬ 
cause you will repair and maintain missile 
fire control radars, weapon direction equipment, 
computers, and other instruments containing 
vacuum tube and transistor circuitry. 

Maintenance and repair of fire control equip¬ 
ment will be only part of your job. You must 
become familiar with every knob, dial, and 
control at your battle station, for you’ll be 
operating the equipment located there. 

What kind of men make good Fire Control 
Technicians? What kind of mental equipment 
do you need to make the grade? Before the 
Navy approved you as a striker for FT3, it 
gave you a battery of tests. Because you passed 
those tests and got exceptionally high marks, 
we know you have the ability to learn quickly, 
and to master a large body of technical knowl¬ 
edge. Also, you have mechanical aptitude; if 
you haven’t already developed a high degree of 
mechanical skill, you have what it takes to 
acquire it. 

In order to become a valuable Fire Control 
Technician, you’ll need other things besides a 
sharp brain and skillful hands. You must be 


conscientious and completely reliable. To il¬ 
lustrate why these qualities are so important, 
let’s suppose for a minute that you are aboard 
a destroyer in wartime, and that you have pre¬ 
pared a guided missile fire control system for 
firing. Assume that, because of carelessness, 
you’ve skipped one of the necessary adjustments, 
or have done it sloppily. What happens when 
you launch that missile at an enemy plane? 
Instead of riding the guidance beam to the 
target, the missile sets a course for the bottom 
of the sea. There are other things that might 
happen to a malfunctioning missile, but the 
result would be the same — the enemy escapes. 
The one that got away could come back and 
cause the death of your own ship. 

But don’t worry; nothing like that is going 
to happen to you. Why not? Because when you 
prepare a fire control system for firing, you’ll 
make ALL the adjustments, and you’ll make 
them carefully and skillfully. Before the Navy 
gives you the responsibility of preparing a 
system for firing, you’ll have to prove your 
dependability. 

TYPES OF RATING 

The fire control technician rating structure is; 

1. A general rating at pay grades E-8 and 
E-9. 

2. Three service ratings — FTM (Missile Fire 
Control), FTG (Gun Fire Control), and FTB 
(Ballistic Missile Fire Control) in pay grades 
E-4 through E-7. 

As you can see, the fire control service 
ratings are divided by the type of weapons being 
controlled. As an FTM, your weapon will be one 
of the Surface Missile System family of missiles. 
This leads into a discussion of the Navy En¬ 
listed Classification (NEC) codes. 

Navy Enlisted Classification 
(NEC) Codes 

The Manual of Enlisted Classifications , Nav- 
Pers 15105 (latest rev.), lists the specialty 
groups within the ratings. NEC code numbers 
have been assigned to indicate special train¬ 
ing requirements within the rating. The NEC 
code numbers subdivide the FT rating by the 
types of fire control systems or equipment. 
There are approximately 28 NEC code numbers 
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assigned to the FTM rating. Normally, you 
will be assigned duty by your NEC code number 
to a ship with the designated system or equip¬ 
ment installed. 

As a FTM 3 or FTM 2, you probably will 
be assigned to a billet aboard ship which calls 
for an equipment specialist. This, however, does 
not relieve you of the responsibility of acquiring 
systems knowledge of the major surface missile 
system areas. Hopefully, you will be impressed 
with this fact prior to your first examination 
for advancement in rate. 

DUTIES AND RESPONSIBILITIES 


Everyone wants to know what a job is like 
before he chooses it as his vocation. As you 
already know, fire control equipment is main¬ 
tained, repaired, and usually operated by fire 
control personnel. The degree of responsibility 
and complexity of maintenance will depend upon 
your rate. Besides the occupational or profes¬ 
sional duties, you will have certain military 
duties, as do all ratings in the Navy. These 
military duties include the manning of battle 
stations, watch standing, and other assignments 
related to the requirements for naval opera¬ 
tions, management, and security. This course 
is concerned with your professional (technical) 
duties — NOT your military duties. 

Missile fire control technicians operate, test, 
maintain, and repair shipboard missile fire 
control systems (including weapons direction 
systems and three-coordinate search radars), 
missiles, and associated support equipment. 

In order to ensure the proper functioning 
of their assigned equipment, FTMs must make 
a detailed analysis of mechancial, electrical, 
and electronic failures. They must be familiar 
with system and equipment alignment procedures. 

As you increase your skill and knowledge, the 
Navy will add to your responsibility. Soon you 
will become a FTM 3 or FTM 2. As such, 
you will be a leader and a teacher. You will be 
in a position to not only lead others, but you 
will be a molder of fire control strikers. 

Third class is only the first step up the 
ladder of success. As you know, there is no 
limit to how far you can go in the Navy. Your 
division officer or weapons officer may have 


started his career as a fire control striker. 
Remember, the path to advancement is open. 
The rest is up to you. 

As a Fire Control Technician you will have 
an important practical part to play in your ship¬ 
board leadership program. You will take charge 
of a group of strikers. This will put you in a 
position of leadership. You will have two re- 
sponsibilites — to accomplish a mission and to 
take care of your men. 

General Order 21, promulgated 17 May 1958, 
stressed the need to develop and improve our 
naval leadership in all its aspects: inspirational, 
technical, and moral. The revised General Order 
2i directs our efforts toward, achieving an 
ever-improving state of combat readiness through 
effective naval leadership. 

The general principles and techniques of 
leadership are fully discussed in Military Re¬ 
quirements for PO 3 & 2 , NavPers 10056-C. 
However, let's do a little thinking about how you 
can help to carry out General Order 2l on a day- 
to-day basis. 

Assume for a moment that your mission 
aboard ship is to maintain a fire control system, 
and you have strikers to assist you. Now a big 
part of your job is to learn everything you can 
about the system and to pass on your knowledge 
to your men. Technical competence is a major 
aspect of good leadership. But being a skilled 
technican is not enough. You must inspire your 
strikers to do their work as efficiently as possible. 

A national characteristic of the American 
fighting man is that he wants to know the reason 
why he is called upon to perform certain tasks. 
You must explain to your strikers the importance 
of their work and how it affects the overall 
fighting efficiency of your ship. Make the small¬ 
est mechanical task take on the nobility of a 
cause. During missile battery exercises or drills 
make them feel they are winning a war, not 
just turning knobs on equipment. Keep in mind 
they are the men who will fight by your side in 
combat. When led with courage, spirit, and in¬ 
telligence, they will fight as willingly and as 
efficiently as any fighter in the world. But it is 
up to you to provide inspiration so that it will 
seep down to them. 

To inspire your strikers, and others, you 
must have a strong moral character. Some of 
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the character traits you can develop by con¬ 
scientious study and practice are loyalty, in¬ 
tegrity, and quiet self-confidence. 

Loyalty is one of the most essential factors 
of leadership. Experienced officers and petty 
officers say that they would rather have a loyal 
man who is not an excellent worker than a 
disloyal man who does excellent work. Loyalty 
to the country, to the Navy, to your ship, to 
your division, to your chief, to your senior petty 
officer, and to the men who work with and for 
you —these are the prime requisites of leader¬ 
ship. The surest way to get the respect and 
loyalty of your men is to be loyal yourself. 

Every time you feel the urge to criticize the 
handling of your ship's affairs, stop short.' 
You are part, and an important part, of your ship. 
How can you expect your strikers to be loyal 
if you are not? 

Deal with your men squarely and honestly. 
If you do, you will win and hold their respect. 
Be dependable. This mark of integrity involves 
keeping promises promptly. A reputation of being 
a “square shooter” is worth every effort on 
your part. Help to build this reputation early 
by not tolerating “gun-decking” or other methods 
of falsifying reports. 

Good leaders have a quiet self-confidence 
(not an arrogant or cocky manner) based on 
thorough knowledge of the job and in a belief 
in their own ability. Confidence begets confi¬ 
dence. If you have confidence in yourself, you 
can inspire confidence in your men. 


ADVANCEMENT IN RATING 

Some of the rewards of advancement in 
rating are easy to see. You get more pay. 
Your job assignments become more interest¬ 
ing and more challenging. You are regarded with 
greater respect by officers and enlisted per¬ 
sonnel. You enjoy the satisfaction of getting 
ahead in your chosen Navy career. 

But the advantages of advancing in rating 
are not yours alone. The Navy also profits. 
Highly trained personnel are essential to the 
functioning of the Navy. By each advancement 
in rating, you increase your value to the Navy 
in two ways. First, you become more valuable 
as a specialist in your own rating. And second, 


you become more valuable as a person who can 
train others and thus make far-reaching con¬ 
tributions to the entire Navy. 

HOW TO QUALIFY FOR 
ADVANCEMENT 

What must you do to qualify for advancement 
in rating? The requirements may change from 
time to time, but usually you must: 

1. Have a certain amount of time in your 
present grade. 

2. Complete the required military and oc¬ 
cupational training manuals. 

3. Demonstrate your ability to perform all 
the PRACTICAL requirements for advancement 
by completing the Record of Practical Factors, 
NavPers 1414/1. 

4. Be recommended by your commanding of¬ 
ficer, after the petty officers and officers super¬ 
vising your work have indicated that they consider 
you capable of performing the duties of the 
next higher rate. 

5. Demonstrate your KNOWLEDGE by passing 
written examinations on the occupational and 
military qualification standards for advancement 
in rating. 

Some of these general requirements may be 
modified in certain ways. Figure 1-1 gives a 
more detailed view of the requirements for 
advancement of active duty personnel; figure 
1-2 gives this information for inactive duty 
personnel. 

Remember that the qualifications for advance¬ 
ment can change. Check with your division 
officer or training officer to be sure that you 
know the most recent qualifications. 

Advancement in rate is not automatic. Even 
though you have met all the requirements, in¬ 
cluding passing the written examinations, you 
may not be able to “sew on the crow” or 
“add a stripe.” The number of men in each 
rate and rating is controlled on a Navywide 
basis. Therefore, the number of men that may 
be advanced is limited by the number of vac¬ 
ancies that exist. When the number of men pass¬ 
ing the examination exceeds the number of 
vacancies, some system must be used to de¬ 
termine which men may be advanced and which 
may not. The system used is the “final multiple” 
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E-4 time in service requirements changed by DOD effective 1 July 1975 
for advancement to E-4 TIS requirements are increased from 21 months 
minimum to 2 years. 


REQUIREMENTS* 

El to E2 

E2 to E3 

# E3 
to E4 

I 

E5 
to EG 

f E6 
to E7 

m 


SERVICE 

4 mos. 
eervice- 

or 

comple¬ 
tion of 
Recruit 
Training. 

8 mos. 
as E-2. 

6 mos. 
as E-3. 

12 mos. 
as E-4. 

3 years 
time in 
service. 

24 mos. 
as E-5. 

6 years 
time in 
service. 

36 mos. 
as E-6. 

8 years 
time in 
service. 

36 mos. 
as E-7. 

8 of 11 
years 
time in 
service 
must be 
enlisted. 

24 mos. 
as E-8. 
10 of 13 
years 
time in 
service 
must be 
enlisted. 

SCHOOL 

Recruit 
Training. 
(C.O. 
may ad¬ 
vance up 
to 10% 
of gradu¬ 
ating 
class.) 


Class A 
for PR3, 
DT3, 
PT3, 

A ME 3, 
HM 3, 
PN 3, 
FTB 3, 
MT 3, 



Class B 
for AGC, 
MUC, 
MNC.ft 

PRACTICAL 

FACTORS 

Locally 

prepared 

check¬ 

offs. 

Re 

•cord of Practical Factors, NavEdTra 1 
completed for E-3 and all PO advan 

414/1, muj 
cements. 

it be 

PERFORMANCE 

TEST 



Specified ratings must complete 
applicable performance tests be¬ 
fore taking examinations. 



ENLISTED 

PERFORMANCE 

EVALUATION 

As used by CO 
when approving 
advancement. 

Counts toward performance factor credit in ad¬ 
vancement multiple. 

EXAMINATIONS** 

Locally 

prepared 

test6. 

See 

below. 

Navy-wide examinations 
required for all PO 
advancements. 

Navy-wide selection board. 

RATE TRAINING 
MANUAL (INCLUD¬ 
ING MILITARY 
REQUIREMENTS) 


Required for E-3 and all PO advancements 
unless waived because of school comple¬ 
tion, but need not be repeated if identical 
course has already been completed. See 
NavEdTra 10052 (current edition). 

Nonresident career 
courses and 
recommended 
reading. See 
NavEdTra 10052 
(current edition). 

AUTHORIZATION 

Commanding 

Officer 

NAVEDTRA PRODEVCEN 


• All advancements require commanding officer’s recommendation. 

♦ 2 years obligated service required for E-7, E-8, and E-9. 

# Military leadership exam required for E-4 and E-5. 

** For E-2 to E-3, NAVEDTRAPRODEVCEN exams or locally prepared tests may be used, 
n Waived for qualified EOD personnel. 


Figure 1-1. —Active duty advancement requirements 
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REQUIREMENTS' 

El to 

E2 

E2 to 

E3 

E3 to 

E4 

E4 to 

E5 

E5 to 

E6 

E6 to 

E7 

E8 

E9 

TOTAL TIME 

IN GRADE 

4 mos. 

8 mos. 

6 mos. 

12 mos. 

24 mos. 

36 mos. 
with 
total 

8 yrs 
service 

36 mos. 
with 
total 

11 yrs 
service 

24 mos. 
with 
total 

13 yrs 
service 

TOTAL TRAINING 
DUTY IN GRADE t 

14 days 

14 days 

14 days 

14 days 

28 days 

42 days 

42 days 

26 days 

PERFORMANCE 

TESTS 


Specified ratings must complete applicable 
performance tests before taking examination. 

DRILL 

PARTICIPATION 

Satisfactory participation as a member of a drill unit 
in accordance with BUPERSINST 5400.42 series. 

PRACTICAL FACTORS 
(INCLUDING MILITARY 
REQUIREMENTS] 

Record of Practical Factors, NavEdTra 1414/1, must 
be completed for all advancements. 

RATE TRAINING 
MANUAL (INCLUDING 
MILITARY REQUIRE¬ 
MENTS) 

Completion of applicable course or courses must be entered 
in service record. 

EXAMINATION 

Standard Exam 

Standard Exam 
required for all PO 
advancements. 

Also pass 

Military Leadership Exam 
for E-4 and E-5. 

Standard Exam, 
Selection Board. 

AUTHORIZATION 

Commanding 

Officer 

NAVEDTRAPRODEVCEN 


♦Recommendation by commanding officer required for all advancements. 
♦ Active duty periods may be substituted for training duty. 


Figure 1-2. —Inactive duty advancement requirements. 
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and is a combination of three types of advance¬ 
ment systems. 

Merit rating system 

Personnel testing system 

Longevity, or seniority, system 

The Navy’s system provides credit for per¬ 
formance, knowledge, and seniority, and, while 
it cannot guarantee that any one person will 
be advanced, it does guarantee that all men within 
a particular rating will have equal advance¬ 
ment opportunity. 

A change in promotion policy, starting with 
the August 1974 examinations, changed the 
Passed-But-Not-Advanced (PNA) Factor to the 
High Quality Bonus Point (HQP) factor. Under 
this policy, a man that passed the examination, 
but was not advanced can gain points toward 
promotion in his next attempt. Up to three 
multiple points can be gained in a single pro¬ 
motion period. The points can then be accumu¬ 
lated over six promotion periods up to a maxi¬ 
mum of 15. The addition of the HQP factor, 
with its 15-point maximum, raises the number 
of points possible on an exam : nation multiple 
from 185 to 200. This gives the examinee 
added incentive to keep trying for promotion in 
spite of repeated failure to gain a stripe be¬ 
cause of quota limitations. 

The following factors are considered in com¬ 
puting the final multiple: 

• EXAMINATION 

• PERFORMANCE 
Leadership 

All other 

• EXPERIENCE 
Awards and Medals 
Total Active Service 
Time in present grade 
High Quality Points 

All of the above information (except the 
examination score and the HPQ factor) is sub¬ 
mitted to the Naval Examining Center with 
your examination answer sheet. After grading, 
the examination scores, for those passing, and 
the HPQ points (additional points awarded to those 
who previously passed the examination but were 
not advanced) are added to the other factors 
to arrive at the final multiple. A precedence 
list, which is based on final multiples, is then 


prepared for each pay grade within each rating. 
Advancement authorizations are then issued, 
beginning at the top of the list, for the number 
of men needed to fill the existing vacancies. 

HOW TO PREPARE FOR ADVANCEMENT 

What must you do to prepare advancement 
in rating? You must study the qualifications 
for advancement, work on the practical factors, 
study the required Rate Training Manuals, and 
study other material that is required for ad¬ 
vancement in your rating. To prepare for ad¬ 
vancement, you will need to be familiar with 
( 1 ) the Quals Manual, (2) the Record of Practical 
Factors, (3) a NavEdTra publication called Bib¬ 
liography for Advancement Study , NavEdTra 
10052, and (4) applicable Rate Training Manuals. 
The following sections describe them and give 
you some practical suggestions on how to use 
them in preparing for advancement. 

Quals Manual 

The Manual of Qualifications for Advance¬ 
ment , NavPers 18068-C (with changes), gives 
the minimum occupational and military quali¬ 
fication standards for advancement to each rate 
within each rating. This manual is uaually called 
the “Quals Manual,” and the qualifications them¬ 
selves are often called “quals.” The qualifica¬ 
tion standards are of two general types: (1) mili¬ 
tary qualification standards and (2) occupational 
qualification standards. 

MILITARY STANDARDS are requirements 
that apply to most ratings rather than to any one 
particular rating. Military requirements for ad¬ 
vancement to third class and second class petty 
officer rates deal with military conduct, naval 
organization, military justice, security, watch 
standing, and other subjects which are required 
of petty officers in most ratings. 

OCCUPATIONAL STANDARDS are require¬ 
ments that are directly related to the work of 
each rating. 

Both the m: : litary requirements and the occu¬ 
pational qualification standards are divided into 
subject matter groups; then, within each subject 
matter group, they are divided into PRACTICAL 
FACTORS and KNOWLEDGE FACTORS. Practical 
factors are things you must be able to DO. 
Knowledge factors are things you must KNOW 
in order to perform the duties of your rating. 

In most subject matter areas, you will find 
both practical factor and knowledge factor qual¬ 
ifications. In some subject matter areas, you 
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may find only one or the other. It is important 
to remember that there are some knowledge 
aspects to all practical factors, and some prac- 
ical aspects to most knowledge factors. There¬ 
fore, even if the Quals Manual indicates that 
there are no knowledge factors for a given 
subject matter area, you may still expect to 
find examination questions dealing with the knowl¬ 
edge aspects of the practical factors listed 
in that subject matter area. 

You are required to pass a Navywide mili¬ 
tary/leadership examination for E-4 or E-5, 
as appropriate, before you take the occupational 
examinations. The military/leadership exam¬ 
inations are adnrnistered on a schedule deter¬ 
mined by your commanding officer. Candidates 
are required to pass the applicable military/ 
leadership examination only once. Each of these 
examinations consists of 100 questions based 
on information contained in Military Requirements 
for Petty Officers 3 and 2, NavEdTra 10056 
(current edition) and in other publications listed 
in Bibliography for Advancement Study , NavEdTra 
10052 (current edition). 

The Navywide occupational examinations for 
pay grades E-4 and E-5 will contain 150 questions 
related to occupational areas of your rating. 

If you are working for advancement to second 
class, remember that you may be exam'ned on 
third class qualifications as well as on second 
class qualifications. 

The Quals Manual is kept current by means 
of changes. The occupational qualifications for 
your rating which are covered in this training 
manual were current at the time the manual 
was printed. By the time you are studying this 
manual, however, the quals for your rating 
may have been changed. Never trust any set 
of quals until you have checked it against an 
UP-TO-DATE copy in the Quals Manual. 


Record of Practical Factors 


Before you can take the servicewide exam¬ 
ination for advancement in rating, there must 
be an entry in your service record to show that 
you have qualified in the practical factors of 
both the military qualifications and the occu¬ 
pational qualifications. 

The RECORD OF PRACTICAL FACTORS, 
mentioned earlier, is used to keep a record 
of your practical factor qualifications. This 
form is available for each rating. The form lists 
all practical factors, both military and occu¬ 
pational. As you demonstrate your ability to 


perform each practical factor, appropriate en¬ 
tries are made in the DATE and INITIALS 
columns. 

Changes are made periodically to the Manual 
of Qualifications for Advancement , and revised 
forms of NavPers I4l4/l are provided when 
necessary. Extra space is allowed on the Record 
of Practical Factors for entering additional 
practical factors as they are published in changes 
to the Quals Manual. The Record of Practical 
Factors also provides space for recording demon¬ 
strated proficiency in skills which are within the 
general scope of the rating but which are not 
identified as minimum qualifications for advance¬ 
ment. 

Until completed, the NavPers 1414/1 is usually 
held by your division officer; after completion, 
it is forwarded to the personnel office for in¬ 
sertion in your service record. If you are trans¬ 
ferred before qualifying in all practical factors, 
the incomplete form should be forwarded with 
your service record to your next duty station. 
You can save yourself a lot of trouble by making 
sure that this form is actually inserted in your 
service record before you are transferred. If 
the form is not in your service record, you may 
be required to start all over again and requalify 
in the practical factors which have already been 
checked off. 

NavEdTra 10052 


Bibliography for Advancement Study, Nav¬ 
EdTra 10052 (revised), is a very important 
publication for anyone preparing for advancement 
in rating. This bibliography lists required and 
recommended Rate Training Manuals and other 
reference material to be used by personnel 
working for advancement in rating. NavEdTra 
10052 is revised and issued once each year 
by the Naval Education and Training Support 
Command. Each revised edition is identified by a 
letter following the NavEdTra number. When using 
this publication, be SURE that you have the most 
recent edition. 

If extensive changes in qualifications occur in 
any rating between the annual revisions of Nav¬ 
EdTra 10052, a supplementary list of study 
material may be issued in the form of a NavEdTra 
Notice. When you are preparing for advancement, 
check to see whether changes have been made 
in the qualifications for your rating. If changes 
have been made, see if a NavEdTra Notice 
has been issued to supplement NavEdTra 10052 
for your rating. 
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The required and recommended references are 
listed by rate level in NavEdTra 10052. If you 
are working for advancement to third class, 
study the material that is listed for third class. 
If you are working for advancement to second 
class, study the material that is listed for second 
class; but remember that you are also responsible 
for the references listed at the third class level. 

In using NavEdTra 10052, you will notice that 
some Rate Training Manuals are marked with 
an asterisk (*). Any manual marked in this way 
is MANDATORY —that is, it must be completed 
at the indicated rate level before you can be 
eligible to take the servicewide examination for 
advancement in rating. Each mandatory manual 
may be completed by (1) passing the appropriate 
nonresident career course that is based on the 
mandatory training manual; (2) passing locally pre¬ 
pared tests based on the information given in the 
Rate Training Manual; or (3) in some cases, suc¬ 
cessfully completing an appropriate Class A course. 

Do not overlook the section of NavEdTra 10052 
which lists the required and recommended refer¬ 
ences relating to the military qualification 
standards for advancement. Personnel of ALL 
ratings must complete the mandatory military re¬ 
quirements Rate Training Manual for the 
appropriate rate level before they can be eligible 
to advance in rating. 

The references in NavEdTra 10052 which are 
recommended but not mandatory should also be 
studied carefully, ALL references listed in Nav¬ 
EdTra 10052 may be used as source material 
for the written examinations, at the appropriate 
rate levels. 

Rate Training Manuals 

There are two general types of Rate Training 
Manuals. RATING MANUALS (such as this one) 
are prepared for most enlisted ratings. A rating 
training manual gives information that is directly 
related to the occupational qualifications of ONE 
rating. SUBJECT MATTER MANUALS or BASIC 
MANUALS give information that applies to more 
than one rating. 

Rate Training Manuals are revised from time 
to time to keep them up to date technically. The 
revision of a Rate Training Manual is identi¬ 
fied by a letter following the NavEdTra number. 
You can tell whether any particular copy of a 
Rate Training Manual is the latest edition by 
checking the NavEdTra number and the letter fol¬ 
lowing this number in the most recent edition of 
List of Training Manuals and Correspondence 
Courses, NavEdTra 1006l. (NavEdTra 10061 is 


actually a catalog that lists all current Rate 
Training Manuals and nonresident career courses; 
you will find this catalog useful in planning your 
study program.) 

Rate Training Manuals are designed to help 
you prepare for advancement in rating. The fol¬ 
lowing suggestions may help to make the best 
use of this manual and other Navy training pub¬ 
lications when you are preparing for advancement 
in rating. 

1. Study the military qualifications and the 
occupational qualifications for your rating before 
you study the Rate Training Manual, and refer 
to the quals frequently as you study. Remember, 
you are studying the Rate Training Manual primarily 
in order to meet these quals. 

2. Set up a regular study plan. It will probably 
be easier for you to stick to a schedule if you 
can plan to study at the same time each day. 
If possible, schedule your studying for a time of 
day when you will not have too many interruptions 
or distractions. 

3. Before you begin to study any part of the 
Rate Training Manual intensively, become familiar 
with the entire book. Read the preface and the table 
of contents. Check through the index. Look at the 
appendixes. Thumb through the book without any 
particular plan, looking at the illustrations and 
reading bits here and there as you see things that 
interest you. 

4. Look at the Rate Training Manual in more 
detail, to see how it is organized. Look at the 
table of contents again. Then, chapter by chapter, 
read the introduction, the headings, and the sub¬ 
headings. This will give you a pretty clear pic¬ 
ture of the scope and content of the book. As you 
look through the book in this way, ask yourself 
some questions: 

• What do I need to learn about this? 

• What do I already know about this? 

• How is this information related to infor¬ 
mation given in other chapters? 

• How is this information related to the quali¬ 
fications for advancement in rating? 

5. When you have a general idea of what is in 
the Rate Training Manual and how it is organized, 
fill in the details by intensive study. In each 
study period, try to cover a complete unit—it 
may be a chapter, a section of a chapter, or a 
subsection. The amount of material that you can 
cover at one time will vary. If you know the 
subject well, or if the material is easy, you can 
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cover quite a lot at one time. Difficult or un¬ 
familiar material will require more study time. 

6. In studying any one unit —chapter, section, 
or subsection—write down the questions that 
occur to you. Many people find it helpful to make 
a written outline of the unit as they study, or 
at least to write down the most important ideas. 

7. As you study, relate the information in 
the Rate Training Manual to the knowledge you 
already have. When you read about a process, 
a skill, or a situation, try to see how this in¬ 
formation ties in with your own past experience. 

8. When you have finished studying a unit, 
take time out to see what you have learned. Look 
back over your notes and questions. Maybe 
some of your questions have been answered, 
but perhaps you still have some that are not 
answered. Without looking at the Rate Training 
Manual, write down the main ideas that you have 
gotten from studying this unit. Don’t just quote 
the book. If you can’t give these ideas in your 
own words, the chances are that you have not 
really mastered the information. 

9. Use Enlisted Nonresident Career Courses 
whenever you can. The nonresident career 
courses are based on Rate Training Manuals or on 
other appropriate tests. As mentioned before, 
completion of a mandatory Rate Training Manual 
can be accomplished by passing a Nonresident 
Career Course. You will probably find it helpful 
to take other nonresident career courses, as well 
as those based on mandatory training manuals. 
Taking a nonresident career course helps you to 
master the information given in the training 
manual, and also helps you to see how much you 
have learned. 

10. Think of your future as you study Rate 
Training Manuals. You are working for advance¬ 
ment to third class or second class right now, 
but someday you will be working toward higher 
rates. Anything extra that you can learn will 
help you both now and later. 

The highly speicalized skills required of you 
as a Fire Control Technician (Missile) must be 
based on knowledge drawn from a variety of tech¬ 
nical fields. Success in acquiring the knowledge, 
and thus the skills, does not depend simply upon 
your willingness to read large quantities of techni¬ 
cal material. What is more important is the extent 
to which you are able to dig out the important idea, 
to understand how these ideas fit into patterns, 
and to see how they apply to your work. By im¬ 
proving your method of study, you can bring about 


a significant increase in your understanding, es¬ 
pecially as the new method develops into a study 
habit. 


SOURCE OF INFORMATION 

Besides Rate Training Manuals, NavEdTra 
10052 lists official publications on which you may 
be examined. You should not only study the sec¬ 
tions required, but should become as familiar 
as possible with all publications you use. 

One of the most useful things you can learn 
about a subject is how to find out more about 
it. No single publication can give you all the 
information you need to perform the duties of 
your rating. You 'should learn where to look 
for accurate, authoritative, up-to-date informa¬ 
tion on all subjects related to the military require¬ 
ments for advancement and the occupational 
qualifications of your rating. 

PUBLICATIONS YOU SHOULD KNOW 

Training Publications 

Some of the training publications that you will 
need to study or refer to as you prepare for 
advancement have been discussed earlier in this 
chapter. Some additional training publications 
that you will find useful are listed here. 

Mathematics, Volume 1, NavPers 10069-C 
Mathematics, Volume 2, NavPers 10070-B 
Mathematics, Volume 3, NavPers 10073-A 
Basic Electricity, NavPers 10086-B 
Basic Electronics, NavPers 10087-C 
Fluid Power, NavPers 16193-B 

All NavPers publications and training aids 
produced for training purposes were transferred 
on 15 February 1972 from Chief of Naval Person¬ 
nel control to Chief of Naval Education and 
Training cognizance. “NavEdTra” will replace 
“NavPers” for the identifying designator. It is 
anticipated that 5 years will be required to 
phase out all existing NavPers printed material. 

NAVORDSYSCOM Publications 

Ordnance Pamphlets (OPs) are issued by the 
former Bureau of Naval Weapons, now the Naval 
Ordnance System Command (NAVORDSYSCOM). 
An example of an OP of importance to you is 
OP 2818, Antijamming Manual for Shipboard 
Tracking Radars. 

Chapter 12 of this Rate Training Manual 
discusses most of the publications you will use. 
Detailed information you need for advancement 
and for everyday work is contained in them. 
Some are subject to change or revision from 
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time to time — some at regular intervals, others 
as the need arises. When using any publication 
that is subject to change or revision, be sure 
that you have the latest edition. When using 
any publication that is kept current by means 
of changes, be sure you have a copy in which all 
official changes have been made. Studying can¬ 
celed ■ or obsolete information will not help you 
to do your work or to advance in rating; it is 
likely to be a waste of time, and may even be 
seriously misleading. 

Other Sources 

The manufacturer’s technical manuals that 
are furnished with many items of equipment 
are valuable sources of information on opera¬ 
tion, maintenance, and repair. Occasionally, a 
manufacturer’s technical manual is the only source 
of information available on a particular piece 
of equipment. In any event, they supplement your 
official Navy publications so they are an essential 
item of your technical reference material. 

The United States Armed Forces Institute 
(USAFI) provides opportunities for military per¬ 
sonnel to continue their education while they 
are on active duty with the Armed Forces of 


the United States. Many USAFI courses offered 
provide you with the means of further preparing 
yourself for advancement. See your education 
officer about the details of taking courses. If 
there are enough interested students aboard 
ship (or on the base) a group study course can 
be arranged. 

TRAINING FILMS 

Training films available to naval personnel 
are a valuable source of supplementary information 
on many technical subjects. Training films are 
listed in the United States Navy Film Catalog , 
NavAir 10-777 (formerly NavWeps 10-1-7^7), pub- 
lished in 1969. Copies may be ordered in accordance 
with the Navy Stock List of Forms and Pub¬ 
lications , NavSup 2002. Monthly supplements to 
the Film Catalog are distributed to catalog holders. 

When selecting a film, note its date of issue 
listed in the Film Catalog. As you know, pro¬ 
cedures sometimes change rapidly. Thus some 
films become obsolete rapidly. If a film is ob¬ 
solete only in part, it may sometimes be shown 
effectively if before or during its showing you 
carefully point out to trainees the procedures 
that have changed. 
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CHAPTER 2 


THE GUIDED MISSILE 


MISSILE FUNDAMENTALS 

This chapter presents the physical and func¬ 
tional characteristics of guided missiles. The 
information is presented at an elementary level 
and, for the most part, is applicable to all 
guided missiles. Bear in mind, however, that 
you are striving for knowledge of the basic 
principles and concepts underlying the operation 
of missiles employed by the Surface Missile 
Systems (SMS) of the Navy. Therefore, the 
focus of attention is directed toward SMS mis¬ 
siles. 

After studying this chapter, you will know 
what a guided missile is, how it is classified, 
and how it is guided, stabilized, and propelled. 
Finally, you will know the essential components 
required for a guided missile to perform its 
mission. 

Any object that can be hurled, projected, 
launched or propelled into flight may be called 
a missile. This definition includes stones, ar¬ 
rows, projectiles, bombs, torpedoes, rockets, 
and airplanes. The scientific progress made in 
rocketry, jet propulsion, electronics, and aero¬ 
dynamics not only has increased the range of the 
missile but now allows it to be controlled or 
guided in its flight. A tactical guided missile 
carries an explosive warhead and some means 
of controlling its own trajectory or flight path. 

Generally, a guided missile system is con¬ 
sidered to have 5 subsystems. These are the 
air frame (structure), propulsion, flight con¬ 
trol, guidance, and warhead. 

The warhead is the primary subsystem of the 
missile (considering the missile itself to be the 
system), as the end result (target kill) is ac¬ 
complished directly by its destructive energy 
output. The main missile structure is the body or 
fuselage which not only carries and protects the 
warhead and allied elements from the forces or 
pressures that will be exerted on them, but has 
aerodynamic surfaces attached to it that are used 
to stabilize the missile and to control for errors 


in its flight trajectory. In addition, the struc¬ 
ture contains a subsystem to control these sur¬ 
faces and a means of propulsion to move the 
missile from its launch point to its target. To 
correct for flight path errors and/or to allow 
the missile to seek out and destroy an enemy tar¬ 
get, a guidance subsystem is added. 

MISSILE REQUIREMENTS 

Guided missiles were developed to overcome 
the limitations of older weapons. The develop¬ 
ment of conventional weapons has reached a 
point where tremendous cost and effort are 
necessary to produce only a small improve¬ 
ment in their performance. The primary mission 
of a guided missile is the same as that of its 
counterpart, the conventional weapon. The fol¬ 
lowing examples show some of the missions and 
the advantages of using guided missiles to sup¬ 
plement or replace them. 

A ir-to-Surface 

Air-to-surface guided missiles are greatly 
superior to conventional bombs. The aircraft 
dropping bombs is limited in the performance 
of its mission by weather, interception by enemy 
aircraft, antiaircraft artillery, and, in some 
cases, the maneuvering of the target during 
the fall of the bombs. By building bombers 
that can fly higher and faster, antiaircraft artil¬ 
lery and fighter interception can be evaded; 
but the accuracy of the bombs would be greatly 
reduced, and the weather would have a greater 
effect. By replacing the bombs with guided 
missiles which can be launched at greater ranges 
and which contain a guidance system that will 
home on the target regardless of weather and 
target maneuvers, the destructive effect can be 
greatly increased, and the danger of enemy coun¬ 
termeasures greatly reduced. 


12 


Digitized by v^.ooQle 


Chapter 2—THE GUIDED MISSILE 


Surface-to-Air 

Now consider your side of the problem. As a 
FTM, you are involved with a missile that is 
used primarily as a surface-to-air weapon. 
Obviously, you want the operational capabilities 
of your ship’s weapons to exceed those of the 
enemy. An aircraft, for example, must be de¬ 
stroyed before it reaches its weapon-release 
range, called its standoff range. The shiplaunched 
guided missile is greatly superior to an anti¬ 
aircraft gun in range, maximum altitude, and 
accuracy. As a result, it can destroy an enemy 
aircraft beyond the range of a gun. 

Air-to-Air 

In air-to-air combat, guided missiles greatly 
increase the striking range and destructive power 
of aircraft. 

The interceptor aircraft of the past relied 
primarily on its speed advantage to maneuver 
into position where its short-range weapons 
were effective. Against modern jet bombers or 
missiles, interceptors lose their speed advantage, 
thus making it difficult, if notimpossible for them 
to maneuver into position for attack. By arming 
them with long-range missiles which travel at 
supersonic speeds, the interceptor will be capable 
of combating the high-speed, high-altitude 
weapons of modern warfare. 

Surface-to-Surface 

The average person, when thinking of a sur¬ 
face-to-surface missile, will visualize the inter¬ 
continental ballistic missile (ICBM) such as 
Minuteman or Titan with ranges in excess of 
3000 nautical miles. The ICBMs are fine for 
their purpose. No one, however, would consider 
firing one at a target that was less than 50 
miles away. A need, therefore, exists for a com¬ 
paratively short range surface-to-surface guided 
missile. 

Tartar, Terrier, and Talos (3-Ts) 


Unless you are assigned to a Basic Point 
Defense Missile System, you will be involved 
with ond^of the 3-Ts. The 3-Ts can be employed 
against air targets (surface-to-air), other ships 
(surface-to-surface)V'\?md shore installations 
(surface-to-shore). The manner in which the 3-Ts 
exploit their capabilities witKte presented as 
we proceed through this trainin^inanual. For 


the present, we will say that the 3-Ts, as a 
family of missiles, are multipurpose weapons. 

Basic Point Defense is primarily a surface- 
to-air system which employs the Sparrow missile. 

Now that you are oriented in the world of 
guided missiles, prepare yourself for a more 
detailed look at this world. 

SMS MISSILES 

Operational missiles of the Navy’s SURFACE 
MISSILE SYSTEMS are the TERRIER, TALOS, 
TARTAR, STANDARD MISSILE, and the SPAR¬ 
ROW. 

TARTAR Missiles 

Today’s operational missiles, deployed with 
the TARTAR Fleet, are the Improved TARTAR 
Missile RIM-24B (IT), Improved TARTAR Retrofit 
Missile RIM-24C (ITR), and the STANDARD 
Missile RIM-66A and B (MR), figure 2-1. 

Tartar missile operation is based on roll 
stabilization, along with a dual thrust rocket 
motor, and employs homing guidance and propor¬ 
tional navigation. The warhead section contains 
a high-explosive continuous rod warhead. 

TERRIER Missiles 

Guided missiles now being employed on TER¬ 
RIER ships are the RIM-2D, RIM-2E, RIM-2F, 
and R1M-67A, figure 2-2. The RIM-2D (BT) 
is a beam-riding missile equipped with either 
a nuclear or fragmentation type warhead. The 
RIM-2E (HT) and RIM-2F (HTR) are semi-active 
homing missiles, with passive home-on-jam 
capabilities when operating in an electronic coun¬ 
termeasure (ECM) environment. The RIM-67A 
(SM-l/ER) is an advanced semi-active homing 
missile using solid-state guidance electronic 
circuitry. The homing missiles are equipped with 
a high-ejqjlosive continuous-rod type warhead. 
Terrier missiles also have ARM (antiradiation 
missile) capabilites. 

STANDARD MISSILE 

Currently Improved TARTAR and Improved 
TARTAR Retrofit missiles are being replaced in 
the TARTAR Fleet by STANDARD Missiles (Type 
IA), RIM-66A. STANDARD Missiles first reached 
the TARTAR fleet in 1968, and the Navy in¬ 
ventory will build steadily to replace TERRIER 
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Figure 2-1. —Tartar missile leaving launcher. 


33.264 


and TARTAR missiles as the first-line weapon 
in missile frigates and destroyers. The STAND¬ 
ARD Missile (SM-1), RIM-66B, started replacing 
the SM-1A in 1971 and will continue as the 
SM-1 becomes available. 

One of the major objectives in the STANDARD 
Missile program was to develop an extended- 
range and a medium-range missile capable of 
being introduced into the TERRIER/TARTAR 
weapon systems with minimum need for compati¬ 
bility changes; consequently, STANDARD missiles 
retain the same body diameters, finspans, and 
tailspans as the TERRIER RIM-2 series and the 
TARTAR RIM-24 series. The STANDARD missile 
is adaptable to either the TARTAR weapon system 
or the TERRIER weapon system with only a 
change in propulsion sections. STANDARD mis¬ 
siles also contain the ARM capability. 


TALOS Missiles 

The TALOS missile, figure 2-3, is a long- 
range, solid-fuel rocket-boosted, supersonic 
ramjet-propelled guided missile that can be used 
against single or massed groups of high-per¬ 
formance aircraft, or to bombard surface and 
shore targets. The capability of using either 
nuclear or high explosive warheads, along with 
reliable and accurate guidance and homing sys¬ 
tems, make TALOS a versatile weapon. In addition 
to the capability of engaging aircraft targets, 
the TALOS missile can effectively engage patrol 
or escort and larger type surface ships at long 
range. The TALOS missile is also capable of 
destroying radiating surface or shore targets 
(ARM). TALOS comprises the main armament 
aboard six guided missile cruisers. 
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Figure 2-2. —Terrier missiles and launcher. 
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SPARROW Missile MISSILE DESIGNATION 

The guided missile for the Basic Point De¬ 
fense (BPD) is the SPARROW III missile desig- Components of Navy missiles are assigned 
n&ted for air launch from fighter aircraft. For mark (Mk) and modification (Mod) numbers. Mis- 
the basic point defense role, the missile has siles having two-stage propulsion systems 
been modified by the substitution of special (separate boosters), for instance the TERRIER, 
wings and tail fins which have less aerodynamic TALOS, and STANDARD (ER) MISSILE have mark 
drag. The SPARROW III missile is a supersonic, and modification numbers assigned to the separate 
boost-glide, semiactive homing missile. Tactical propulsion subsystem but one designation for the 
mission of the missile is to intercept and de- complete missile, figure 2-5. 
stroy enemy aircraft and guided missiles in point 

defense of individual surface vessels, figure 2-4. Reaction-propelled missiles are categorized 
It also has limited use against surface targets, according to the environment from which the mis- 
The basic point defense missile is designated as sile is launched, the type of mission the mis¬ 
guided Missile AIM-7 (Series) SPARROW III. sile is intended to perform, the missile type, 
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Figure 2-3. —Talos missiles on launcher. 
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the design number of the missile, and the series 
number of the missile. For example, examining 
table 2-1, it can be determined that the RIM-2E 
is a ship launched guided missile designed to 
intercept air targets. This missile has been as¬ 
signed the design number 2 and the E indicates 
that it is the fifth modification to the design. 
RIM-2E is the designation of the TERRIER HT-3 
missile. 


MISSILE SUBSYSTEMS 

You have learned that all guided missiles 
are made up of 5 main subsystems in order to 
perform their mission, figure 2-6. The missile 
must have a body or basic structure; it must 
be propelled; it must be guided; and it must 
carry a payload. The principle structure of the 
missile, which houses the other subsystems, is 
called the STRUCTURE, also commonly known as 
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Figure 2-4. —Sparrow HI missile, basic point defense. 
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the airframe. The subsystem which moves or 
propels the structure is the PROPULSION SYS¬ 
TEM, or power plant. The subsystem which makes 
the missile a true guided missile is the GUID¬ 
ANCE AND CONTROL section. Further, if the 
missile is to perform a useful military mission, 


it must contain a payload consisting of a WAR¬ 
HEAD AND FUZES. 

Various types of these subsystems are dis¬ 
cussed here to serve as a basis for future study, 
and many of the terms applied to guided mis¬ 
siles are introduced. 
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MK 12 MK 30 

MOD I MOD 2 


name: STANDARD MISSILE 
designation: RIM-67A (ER) 


Figur* 2-6. — Missile component designation. 
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Warheads 

The warhead effectively destroys a target or 
target complex by converting stored chemical or 
nuclear energy into destructive force; by pro¬ 
ducing high velocity fragments; by creating blast 
effects of tremendous potential; or by releasing 
chemical, biological or radiological agents into 
the atmosphere. The warhead incorporates a 
fuze element that recognises or senses the 
optimum time for detonation, and a safety and 
arming element (S & A) to prevent early or 
premature detonation and to combat the effects 
of enemy countermeasures. 

Structure 

The structure contains supports, and protects 
the warhead and other subsystems during launch 
and travel to the target. It must support and 
protect the propulsion, guidance, and flight con¬ 
trol subsystems; must be aerodynamically sound 
while providing external control surfaces that 
permit guidance signals to initiate flight path 
control action; and must be designed to the proper 
strength-to-weight ratio. 

Propulsion 

The propulsion subsystem provides the power 
or energy necessary to propel or move the 
missile to the target. 

Increased propulsion may be achieved by the 
use of more than one propulsion unit. For ex¬ 
ample, a booster rocket may be employed to 
accelerate a missile to a desired flight speed 
prior to the operation-of the sustainer engine. 


Once it has expended its propelling force, the 
booster separates from the missile, as shown 
in figure 2-7. The sustainer engine then takes 
over and provides the propelling force necessary 
to maintain the design speed of the missile. 

Control 

Guided missiles are made to follow desired 
flight paths by both reflexive stabilizing methods 
and active error sensing methods. In reflexive 
stabilizing, the primary setting of control devices 
takes place before launch where initial mis¬ 
sile attitude and interior ballistic considerations 
determine the required launch characteristics. 
Once the missile leaves the launcher, however, 
stabilization is the only control that keeps the 
missile on the desired flight trajectory. The re¬ 
flective stabilizing method is used during the 
boost phase of guided missile flight. The active 
error sensing method allows the control surfaces 
to respond to missile path deviation error de¬ 
tected within the guidance subsystem during flight. 

Moveable control surfaces react with air ac¬ 
cording to the laws of aerodynamics to control a 
missile in flight. The control surfaces may be 
located in any position, depending on the dynamic 
and structural requirements. Examples of control 
surface designs and locations are shown in figure 
2 - 8 . 

Guidance 

A guidance subsystem senses the missile 
position with respect to its target and initiates 
action to correct any deviation from the flight 
path required to intercept the target. A guidance 
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Table 2-1. — Missile categories 


LAUNCH ENVIRONMENT SYMBOLS 


Letter Title Description 

A Air Air launched. 

B Multiple Capable of being launched from 

more than one environment. 

C Coffin Stored horizontally or at less 
than a 46 degree angle in a 
protective enclosure (regardless 
of structural strength) and 
launched from the ground. 

H Silo Vertically stored below ground 

Stored level and launched from the 

ground. * 

L Silo Vertically stored and launched 

Launched from below ground level. 

M Mobile Launched from a ground vehicle 
or movable platform. 

P Soft Pad Partially or nonprotected in 
storage and launched from the 
ground. 

R Ship Launched from a surface vessel, 

such as ship, barge, etc. 

U Underwater Launched from a submarine or 
other underwater device. 


MISSION SYMBOLS 

D Decoy Vehicles designed or modified to 
confuse, deceive, or divert 
enemy defenses by simulating 
an attack vehicle. 

E Special Vehicles designed or modified 
Electronic with electronic equipment for 
communications, 
countermeasures, electronic 
radiation sounding, or other 
electronic recording or relay 
missions. 

G Surface Vehicles designed to destroy land 
Attack or sea targets. 

I Intercept- Vehicles designed to intercept 

Aerial aerial targets, defensive or 

offensive roles. 

Q Drone Vehicles designed for target, 

reconnaissance, or surveillance 
purposes. 

T Training Vehicles designed or 

permanently modified for 
training purposes. 

U Underwater Vehicles designed to destroy 

Attack enemy submarines or other 

underwater targets or to 
detonate underwater. 


W Weather Vehicles designed to observe, 
record, or relay meteorological 
data. 


VEHICLE TYPE SYMBOLS 


M Guided Unmanned, self-propelled 

Missile vehicles designed to move in a 
trajectory or flight path all or 
partially above the earth’s 
surface and whose trajectory 
or course, while the vehicle is 
in motion, can be controlled 
remotely or by homing 
systems, or by inertial and/or 
programmed guidance from 
within. This term does not 

include space vehicles, space 
boosters, or naval torpedoes, 
but does include target and 
reconnaissance drones. 

N Probe Non-orbital instrumented 

vehicles not involved in space 
missions that are used to 
penetrate the aerospace 
environment and report 
information. 

R Rocket Self-propelled vehicles without 

installed or remote control 
guidance mechanisms, whose 
trajectory cannot be altered 
after launch. Rocket systems 
designed for line of sight are 
not included. 

The military designation of the ASROC missile is 
RUR-6A since it is a ship launched rocket designed 
to destroy enemy submarines. It is the first (A) of 
its assigned design number (5). 

If necessary, to denote a special status, one of the 
following letters is affixed before the military 
designation. 


STATUS PREFIX SYMBOLS 


J Special Test Vehicles especially configured 
(Temporary) simply to accommodate test. 
N Special Test Vehicles so modified they will 
(Permanent) not be returned to original use. 
X Experimental Vehicles under development. 

Y Prototype Preproduction vehicles for test. 
Z Hanning Vehicles in planning stage. 
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Figure 2-6.— Typical arrangement of missile 
components. 

subsystem may alter the course during flight in 
response to target data or exterior inputs such 
as commands or radar beam directional shifts. 
There are many types of guidance subsystems 
in use, classified by means of the method used 
to sense position (see fig. 2-9). Two methods of 
guidance used with the surface missile system 
(SMS) are beam rider and homing. 

BEAM RIDER. — The beam rider missiles, 
Terrier and Talos, are directed along an energy 
line between the beam energy source and the 
target. Fire control radar equipment on the 
ship tracks a target and sends the information 
to the missile. The guidance and control system 
within the missile then interprets this data 
and formulates its own steering commands. 

HOMING. — In semiactive homing, used by the 
Terrier, Talos, Tartar and Sparrow III missiles, 
the target is illuminated by a tracking radar 
at the launching ship. The missiles are equipped 
with receivers and, by means of the reflected 
radar energy from the target, formulate their 
own correction signals on the basis of the track¬ 
ing information. 

STRUCTURE 

The term STRUCTURE, sometimes called the 
AIRFRAME, has the same meaning for guided 
missiles as it has for the airplane. It serves 
as a vehicle to carry all the other parts of the 
missile, and it provides the aerodynamic char¬ 
acteristics required for successful flight. For the 
purpose of this text, the control surfaces (wings 
or tails) are considered as part of the AIR¬ 
FRAME-STRUCTURE. 

Since the guided missile is essentially a one- 
shot weapon, its structure can be simpler than 
that of the airplane; i.e., it needs no landing 
gear or cockpit. Missile bodies are designed so 
that inner components are readily accessible for 
testing, removal and repair. The major com¬ 
ponents are mounted to form independent units 
or packages. 



167.703 

Figure 2-7. — Booster rocket employment. 
FIXED 

STABILIZING MOVABLE CONTROL 



Figure 2-8. — Control surface designs and: 

locations. 167.704: 

I 

Construction ; 

Missiles, for the most part, are made up of! 
several sections (fig. 2-10). Each section is a: 
cylindrical shell machined from metal tubing,; 
and contains one of the essential units or com-: 
porients of the missile, such as the propulsion: 
system, the electronic control equipment, the; 
warhead, or the fuze assembly. 
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Figure 2-9. —Methods of guidance. 



Kf'.Vt 144.13 

Figure 2-10. —Sectionalization of a missile. 

Sectionalized construction has the advantage 
of strength with simplicity, and also provides 
ease in replacement and repair of the compo¬ 
nents, since the shells are removable as separate 
units. The sections are joined by various types 
of connections designed for simplicity of opera¬ 
tion. Access ports are sometimes provided in 
the shells, through which adjustments can be 
nfcde prior to launching. Covers and access 
doors are sealed to prevent moisture and dirt 
from entering the missile. 

The fuselages of many of the larger guided 
missiles, such as Talos, resemble those of modern 
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aircraft in construction, being based on the SEMI- 
MONOCOQU E structure which is widely used in 
conventional airframes. The semimonocoque 
fuselage (the word “monocoque” means “one 
shell”) consists of a metal skin or shell which is 
internally braced. The strength of the body is 
provided mainly by the shell, which is reinforced 
by inner bulkheads, called FRAMES, and longi¬ 
tudinal braces, called STRINGERS. 

Basically, the missile is designed to carry 
the warhead to the target. The size and weight 
of the warhead must be accommodated by the 
missile structure. The missile must be as 
light and compact as possible, yet strong enough 
to carry the warhead (and other components), 
and withstand the forces to which it will be 
subjected, such as gravity, air pressure, winds, 
heat, stresses of acceleration and deceleration, 
and other forces. Every pound of weight saved 
in the missile structure reduces the fuel require¬ 
ment. The weight and balance relationships must 
be given careful consideration. The initial location 
of the center of gravity is of extreme importance. 
The center of gravity can change during missile 
flight because of the burning of the propellant, and 
separation of the booster after burnout. These 
factors and others must be carefully included in 
the calculations of the missile designers to 
produce a structure that will perform as ex¬ 
pected. 

In most missiles the main body is a slender, 
cylindrical structure. Several types of nose 
sections are employed (fig. 2-11). If the weapon 
is intended for speeds exceeding that of sound, 
the forward section usually has a pointed-arch 
profile in which the sides taper in lines called 
“ogive” curves. In missiles which fly at lesser 
speeds, the nose is frequently less sharp or is 
even blunt. In some, the forward end is covered 
by a rounded radome (the housing for a radar 
antenna); in others, the nose section contains 
the opening which forms one end of the duct 
required for the jet power system. 

The nose shape is determined by other re¬ 
quirements. The Terrier nose (not all mods) 
is long and slender, because that shape has been 
found highly efficient at supersonic speeds. 

The nose of Talos contains the air intake 
for the ramjet engine. Ramjet engines will be 
covered later in this chapter. 

Talos is, in effect, a double-walled tube. Its 
central part is taken up by the ramjet engine. 
All of its other components —warhead, fuel tanks, 
guidance and control systems —are crowded with¬ 
in the space between the inner and outer walls. 
(In one model, one of these components is carried 
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Figure 2-11. —Missile noses. 


inside the central diffuser in the nose.) The 
middle part of Terrier is taken up by a chamber 
filled with solid rocket propellant. The warhead, 
fuze, and the major part of the guidance and 
control systems, are located forward of the 
fuel chamber. But a part of the guidance and 
control system is located in the double-walled 
cylinder that surrounds the exhaust duct at the 
after end of the missile. Electric cables and 
pneumatic lines to maintain communication be¬ 
tween the two parts of the guidance system pass 
through covered channels along the outside of 
the missile. 

Typical airframes contain a main body which 
terminates in a flat base. When the contour is 
slightly streamlined at the rear, the missile 
is said to be “boattailed.” Attached to the 
body are one or more sets of airfoils, which 
provide lift in some cases, and which control 
the flight path and increase the stability. The 
basic types of design which are employed in 
missile airframes are distinguished princi¬ 
pally by the location of the control surfaces 
with respect to the missile body. These types 
are the WING-CONTROL and TAIL-CONTROL 
designs, (fig. 2-12). 

In the wing-control design, the control sur¬ 
faces are mounted at or near the center of 
gravity. In the tail-control configuration, the 
control surfaces are placed at the rear of the 
airframe. 

Most modern missiles have wings and fins. 
Tartar and Terrier have permanent dorsal fins 
and folding tail-control surfaces (fins). Talos 
has removable wings and fins. The wings and/or 


WING CONTROL 



CONTROL LIFT 


TAIL CONTROL 



respect to control surface locations. 


fins are folded or removed for stowage includ¬ 
ing the Terrier booster fins which are removable. 
The size, shape and location of the wings and 
fins have undergone extensive changes for use 
at supersonic speeds. Newest mods of Tartar 
(fig. 2-13) and Terrier have dorsal fins, which 
are used to provide missile stability and some 
lift during missile flight. Pivoting of the tail 
fins provides missile flight path control with 
this type of configuration. More will be said 
about missile control surfaces in forthcoming 
sections of this chapter. 

Typical Configurations 

Terrier and Talos are typical of present 
day airframes (fig. 2-14). In general, the air 
frame is a long, slender cylinder with fixed 
fins providing stability. Talos control is by 
wings located at the midsection of the missile 
(disregard the booster), Terrier control is by 
means of tail fins. Control is accomplished by 
pivoting one or more pairs of either the wings 
for Talos or the tail fins for Terrier. 

At this point, let us digress for a moment 
and take up the subject of aerodynamics, which 
is basic not only to the understanding of the 
physical features of guided missiles but to under¬ 
standing guidance and flight control as well. 

Missile Aerodynamics 

Guided missiles travel through and are af¬ 
fected by the earth’s atmosphere. The atmo¬ 
sphere is the gaseous envelope surrounding the 
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Figure 2-13. — Tartar configuration. 
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Figure 2-14. —Talos and Terrier configurations. 


earth to a height of roughly 250 miles. One 
of the most important characteristics of the 
atmosphere is the change in air density with 
a change in altitude. (Density is a measure of 
the weight per unit volume of a substance.) 
Because of the significant decrease in air den¬ 
sity with altitude, a missile flying at 35,000 
feet encounters less air resistance to its pas¬ 
sage— that is, less DRAG — than does a mis¬ 
sile flying close to sea level. 

BASIC FLIGHT PRINCIPLES. —Aerodynam¬ 
ics is the science that deals with the motion 
of air and other gases, and with the forces 
acting on bodies moving through these gases. 
The principles of aerodynamics which underlie 
the operation of most aircraft also apply to mis¬ 
siles, at least in some phases of flight. Before 
discussing high speed missile flight, let us 
consider the motions and forces that are common 
to both guided missiles and aircraft. 

Basic Motions.—Like any moving body, the 
guided missile executes two basic kinds of 


motions: ROTATION and TRANSLATION. In pure 
rotation all parts of the body pivot about the 
center of gravity, describing concentric circles 
around it. In movements of translation, or linear 
motions, the center of gravity of the body moves 
along a line, and all the separate parts follow 
lines parallel to the path of the center of 
gravity. Any possible motion of the body is com¬ 
posed of one or the other of these motions, or 
is a combination of the two. 

Missiles, like other aircraft, are free to move 
in three dimensions. To describe their motions 
we use a reference system containing three ref¬ 
erence lines, or axes. The missile axes, il¬ 
lustrated in figure 2-15, are three mutually 
perpendicular lines which intersect at the center 
of gravity of the missile. 

Three kinds of rotary movements can be 
made by the missile: PITCH, ROLL, and YAW. 
Pitch, or turning up or down, is rotation about 
the lateral axis, the reference line in the hori¬ 
zontal plane, perpendicular to the line of flight. 
The missile rolls, or twists, about the longi¬ 
tudinal axis, the reference line running through 
the nose and tail. It yaws, or turns to the right 
or left, about the vertical axis. Rotary motions 
about all three of these axes are controlled 
by devices within the missile. Hereafter, these 
axes will bo referred to as the pitch axis, the 
roll axis, and the yaw axis. 

Aerodynamic Forces. — The principle forces 
acting on a missile in level flight are THRUST, 
DRAG, WEIGHT, and LIFT. Like any force, each 
of these is a vector quantity which has magni¬ 
tude (length) and direction. These forces are 
illustrated in figure 2-16. 



33.22 

Figure 2-15. — Missile axes: pitch, roll, and yaw. 
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Figure 2-16. —Forces acting on a moving missile. 


Thrust is directed along the longitudinal axis 
of the missile and is the force which propels 
it forward at speeds sufficient to sustain flight. 
Drag is the resistance offered by the air to the 
passage of the missile body through it, and 
is directed rearward. The weight of the missile 
is the force of gravity on the body, and is 
directed downward toward the center of the earth. 
Opposed to the force of gravity is the lift and 
upward force which supports the body. Lift is 
directed perpendicular to the direction of drag. 

Lift is produced by means of pressure dif¬ 
ferences. The primary factor contributing to 
lift is that the air pressure on the upper surface 
of an airfoil (wing) must be less than the pres¬ 
sure on the underside. The amount of lifting 
force provided is dependent to a large extent 
on the shape of the wing. Additional factors 
which determine the amount of lift are the 
wing area, the angle at which the wing surface 
is inclined to the airstream, and the density 
and speed of the air passing around it. The 
airfoil that gives the greatest lift with the 
least drag in subsonic (less than the speed 
of sound) flight has a curved shape (camber) 
similar to the one illustrated in figure 2-17. 

Some of the standard terms applied to air¬ 
foils are included in the sketch (fig. 2-17). 
The foremost edge of the wing is called the 
LEADING EDGE, and that at the rear the TRAIL¬ 
ING EDGE (fig. 2-17A). A straight line between 
the leading and trailing edges is called the 
CHORD. The large arrow (fig. 2-17B) indi¬ 
cates the RELATIVE WIND, the direction of the 
airflow with reference to the moving airfoilc 
The ANGLE OF ATTACK is the angle between 
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Figure 2-17.—Wing cross section. 


the chord and the directions of the relative 
wind. 

The relative wind strikes the tilted surface, i 
and as the air flows around the wing different i 
amounts of lifting force are exerted on various i 
points on the airfoil. The sum (resultant) of alii 
these forces is equivalent to a single force; 
acting at a single point and in a particular 
direction. This point is called the CENTER OF 
PRESSURE. From it lift can be considered to 
be directed perpendicular to the direction of 
the relative wind. 

The dynamic or impact force of the wind 
against the lower surface of the airfoil con¬ 
tributes to lift, but the major portion of the 
lifting force is obtained from the differential 
pressure of the air above and below the airfoil. 
The angle of attack causes the air flowing over 
the wing to travel a greater distance than the 
air which flows under the wing. The air flowing 
over the wing will increase its speed, and thus 
cause a reduction in air pressure above the 
wing. The greater the distance the air must 
travel, the faster it will travel and the lower 
its pressure will become. The air pressure is 
therefore higher under the wing and the pres¬ 
sure difference is a force acting on the wing 
in the direction of the lower pressure. The 
magnitude of the lifting force is proportional 
to the pressure difference. 

CONTROL 

Aerodynamic control is the connecting link 
between the guidance system and the missile 
flight path. Effective control of the flight patt 
requires smooth and exact operation of the 
missile control surfaces. The control surfaces 
must have the best possible design configuratior 
for the intended speed of the missile. They mus' 
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be moved with enough force to produce the neces¬ 
sary change of direction. Methods must be found 
for balancing the various controls, and for chang¬ 
ing them to meet the variations of lift and drag 
at different Mach speeds so as to maintain 
missile stability. 

Stability and Lift 

So far we have discussed the principles of 
producing lift by the use of cambered wings 
(curved wing). Cambered wings are still used 
on conventional aircraft but are not used on 
most present day guided missiles. Most opera¬ 
tional missiles use streamlined fins to provide 
stability and some lift. 

The Navy’s SMS missiles are designed to 
travel at supersonic speeds. Lift is achieved 
almost entirely by the thrust of the main pro¬ 
pulsion system. The missile fins must present 
streamlined airflow surfaces to reduce air tur¬ 
bulence, and therefore are not cambered like 
the conventional wing. The lift that a fin does 
contribute is based on a slightly different prin¬ 
ciple. At subsonic speeds a positive angle of 
attack will result in impact pressure on the 
lower fin surface which will produce lift just 
as with the conventional wing. At supersonic 
speeds, the formation of EXPANSION WAVES 
and oblique shock waves also contributes to 
lift. Figure 2-18 shows the upper surface of 
a supersonic fin. Due to the fin shape, the air 
is speeded up through a series of expansion waves. 
This results in a low pressure area above the 
fin. Figure 2-19 shows the fin cross section. 
Beneath the fin, the force of the air stream 
(dynamic pressure) and the formation of oblique 
shock waves result in a high pressure area. 
The differences in pressure above and below 
the fin produce lift. 


EXPANSION 



Figure 2-18. — Expansion wave. 
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Figure 2-19. —Airflow about supersonic fin. 


FIN DESIGNS. — Supersonic fins are sym¬ 
metrical in thickness cross section and have 
a small thickness ratio —the ratio of the maxi¬ 
mum thickness to the chord length. The DOUBLE 
WEDGE, shown in figure 2-20A, has the least 
drag for a given thickness ratio, but in certain 
applications it is inferior because it lacks 
strength. The MODIFIED DOUBLE WEDGE 
has relatively low drag (although its drag is usually 
higher than a double wedge of the same thick¬ 
ness ratio) and is stronger than the double 
wedge. The BIOCONVEX, also shown in the figure, 
has about one-third more drag than a double wedge 
of the same thickness ratio. It is the strongest 
of the three but is difficult to manufacture. 

The planform of the fins — the outline when 
viewed from above — is usually either of the 
DELTA-MODIFIED DELTA (raked tip) or REC¬ 
TANGULAR types shown in figure 2-20B. These 
shapes considerably reduce unwanted shock wave 
effects. The combination of a raked tip and 
cathedral droop (fig. 2-20C) of the wings per¬ 
mits better control as the swept-back wings 
delay air compressibility. 

ARRANGEMENT OF FINS.— Fins are mounted 
on the airframe/structure in several arrange¬ 
ments, some of which are shown in figure 2-21. 
The cruciform is the most popular wing and 
tail arrangement and the INLINE cruciform 
arrangement is predominant in SMS Missiles. 

External Control Surfaces 


The simplest control surfaces are fixed fins. 
The flight of an arrow is an example of stability 
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Figure 2-21. — Arrangement of control surfaces. ; 
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Figure 2-20. —High speed configuration char¬ 
acteristics. 


provided by fixed fins. The feathered fins on 
an arrow present streamlined airflow surfaces 
which ensure accurate flight. As long as the 
arrow is flying true its fins present their slim 
longitudinal axes to the airflow. If the arrow 
attempts to tumble or to curve left or right, 
it must do so against the resistance of the 
lateral axis of the fins to the airflow. The 
lateral axis of the fin has a large area that 
provides a proportionally large amount of re¬ 
sistance to any deviation from normal flight. 

Guided missiles are also provided with mova¬ 
ble control surfaces, since stationary fins can¬ 
not provide the precise control needed to keep 
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the missile on a desired course. Before dis¬ 
cussing the controls on today’s modern missiles, 1 
however, let’s look at the control devices on the 
conventional type missile (fig. 2-22). 1 


Conventional Control 


Movable control surfaces can be divided into 
two types: primary and secondary. The primary 
controls include ailerons, elevators, and rudders 
(fig. 2-22). Secondary control surfaces include 
tabs and spoilers. Primary control devices are' 
responsible for maintaining missiles along de¬ 
sired trajectories. If no unstabilizing conditions 1 
were present, primary control could function 1 
satisfactorily. A missile can be controlled morel 
accurately and more efficiently, however, by the 1 
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type missiles. 


ase of secondary controls, in various combina¬ 
tions, working in conjunction with primary con¬ 
trols. 

Ailerons, elevators, and rudders are attached 
to fixed wings and tails as in a conventional 
aircraft. 

In figure 2-22, ailerons are attached to the 
trailing edges of the wings. When one aileron 
is lowered, the other is raised. Movement of 
the ailerons changes the wing camber and brings 
about roll control. The wing with the raised aile¬ 
ron moves down and the other wing moves up. 

Elevators attached to the horizontal tail stabi¬ 
lisers may be used for pitch control. The ele¬ 
vators are raised or lowered together. 

Rudders attached to the vertical stabilizers 
(fig. 2-22) may be used for yaw control. 

If the rudder moves to the right the tail moves 
to the left, and the missile yaws to the right. 

Tabs are hinged to primary control surfaces, 
and the force exerted by these devices is directed 
to act against a primary control and not the 
missile itself. For example, consider a tab (fig. 
2-22) on an elevator. If the tab moves upward, 
toe deflected air will exert a downward force 
«the elevator. The elevator will then move down. 
Note that it is still the elevator, not the tab, that 
flrectly controls the missile. A fixed tab is pre- 
»t for a given condition of stability; a trim tab 
to controllable and its setting can be varied over 
1 range of conditions. A booster tab is used 
to assist in applying force to move control surface 
of large areas. 

A spoiler can be any of several devices — 
tor example, a hinged flap on the upper surface 


of the wing. Suppose that a gust of air causes 
the left wing to lose lift. The spoiler on the 
right wing can be raised to “spoil” the smooth 
flow of air over it, and thus decrease its lift 
to equal that of the other wing. 

Dual Purpose Control 

The primary and secondary control devices 
discussed above are used on older type missiles. 
For high-speed missiles, new control surface 
designs have been developed. Examples of such 
surfaces are elevons, rollerons, ruddervators, 
and ailevators. As the names indicate, these are 
multipurpose control devices. For example, an 
elevon replaces an elevator and an aileron, 
allowing control of pitch and yaw by a single 
control mechanism. 

If operated together, they serve as elevators; 
if operated differentially, they serve as ailerons. 
If the missile tail surfaces were inclined upward, 
to form a V with the missile axis, controls on the 
trailing edges of these surfaces could be used as 
ruddervators. By suitable combinations of move¬ 
ments, they could control the missile in both 
pitch and yaw. 

Cruciform Control (3-T’s) 


WING CONTROL. —Wing control is ac¬ 
complished by wing incidence movements. As a 
rule, the surfaces are fixed and provide sta¬ 
bilization only. Wing control, through a variable 
and controllable angle of incidence of the wings, 
is possible because of the relative small size 
of the wing. 

The design velocity of the missile has to be 
high to enable the small surface area of the 
wing to control the missile. In the case of a 
beam rider, the wing movement is proportional 
to the angular and linear displacement of the 
missile from the axis of the guidance beam. 
With a homer, it would depend on the amount of 
missile maneuver required to maintain a collision 
course with a target. 

The wing movements are independently vari¬ 
able within their limits, and a combination of di¬ 
rection changes and roll corrections may be 
occurring at any one time. 

All wing incidence movements are measured 
from a zero degree reference line at the wing 
root-to-missile skin junction, which is parallel 
to the missile centerline. Movements in which 
the leading edge of the wing is above the zero 
reference line are considered positive incidence, 
while movements in which the leading edge of 
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the wing is below the zero degree reference line in a turn. (Remember that the wings are located 
are considered negative incidence. at or near the center of gravity.) 


Guidance Control. — Guidance control is ac¬ 
complished by the opposite wings (in the same 
plane) acting together. (In figure 2-23, wings are 
numbered the same as the tail fins.) 

Wings 1 and 3 operate in the “A” plane; 
wings 2 and 4 operate in the “B” plane (fig. 
2-23). Thus, if wings 1 and 3 in the “A” plane 
have a positive angle of incidence, they steer the 
missile up and to the left. A negative incidence 
of wings 1 and 3 would steer the missile down 
and to the right. In general, if a signal is given 
for the missile to climb in a straight ahead 
position, all four wings (wings in both planes) 
will increase the angle of incidence, as shown 
in figure 2-24. A dive signal will result in a 
negative angle of incidence, as shown in figure 
2-25. 

To obtain a level right turn, wings 2 and 4 
increase in angle of incidence, and wings 1 
and 3 decrease in angle of incidence (fig. 2-26). 
To effect a left turn, wings 1 and 3 increase in 
angle of incidence while 2 and 4 decrease in 
angle of incidence. The missile does not bank 


Roll Stabilization.—Roll stabilization is ac¬ 
complished by differential movement of wings 
in the same plane. Thus, in the “A” plane, 
to accomplish a roll correction (fig. 2-27), wing 
3 has a positive angle of incidence, while wing 1 
has a negative angle of incidence. 

TAIL CONTROL. —If you understand the 
effects of wing control, you should have no 
problem in analyzing tail control. A word of 
caution! Consider the location of the control 
surface. In a tail controlled missile, deflection 
of the control surfaces produces drag in the form 
of an aerodynamic force perpendicular to the 
plane of each control surface, a component of 
which is perpendicular to the missile longitudinal 
axis. This component force causes rotation of 
the missile longitudinal axis about the center 
of gravity. 

Because the control surfaces are located 
some distance from the center of gravity, they 
have a large mechanical advantage resulting 
from the length of the lever arm provided. 



Figure 2-23,— Planes of maneuver. 
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167.2 

Figure 2-24. —Wing mdvemeiits for climb. 


Consequently, greater maneuverability can be 
secured with a given control surface area. The 
mechanical advantage of levers is presented in 
Basic Machines, NavPers 10624-A. It would be 
to your advantage to review this part of the 
basic text. 

Control Action 

The external control surfaces of guided mis¬ 
siles (wings and fins) and the effect of natural 
forces acting on them have been described in 
the previous paragraphs. The following para¬ 
graphs tell how the control surfaces are con¬ 
trolled to keep the missile in its proper attitude 
on its ordered trajectory. 


167.3 

Figure 2-25. —Wing movements for dive. 


FACTORS CONTROLLED. —Missile course 
stability is made possible by devices which control 
the angular movement (also called rotational 
movement) of the missile about its three axes. 
The three flight control axes sire shown in 
figure 2-15. These are the pitch, yaw, and roll 
axes. The second type of movement called transla¬ 
tion includes a linear movement of the missile. 
For example, a sudden gust of wind or an air 
pocket could throw a missile a considerable 
distance off the desired trajectory without caus¬ 
ing any significant angular movement. Any linear 
movement, regardless of direction, can be re¬ 
solved into three components: lateral movement, 
vertical movement, and movement along the 
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167.4 

Figure 2-26. — Wing movements for level right 
turn. 


167.5 

Figure 2-27. —Wing movements for roll. 


direction of the thrust. Thus, in addition to the 
three angular degrees of movement, there are 
three linear degrees of movement. A missile 
in flight can therefore be said to have six 
degrees of freedom. 

TYPES OF CONTROL ACTION. —The basic 
control signals may come from inside the mis¬ 
sile, from an outside source, or both. To co¬ 
ordinate the signals, computers are used to mix, 
integrate, and rate the signal impluses. In a 
missile control subsystem, the remembering is 
done by integrating devices and the anticipation 
(of what to do next) is done by rate devices. 

The computer network can be thought of as 
the brain of the missile. The computer network 


takes into account guidance signals, missile 
movement, and control surface positions. By 
doing this continuously, it can generate error 
signals. These signals cause control surface 
(wing and/or fin) movements that tend to keep 
the missile at its design attitude and on its 
correct trajectory. Like a ship, the missile 
continuously yaws, rolls, and pitches, and ex¬ 
periences movements of translation. The com¬ 
puter network can be compared to the helmsman 
on a ship. Both are always making corrections. 
Seldom is either absolutely right. 

The terms “error signal” and “correction 
signal” are used almost interchangeably. Strictly 
speaking, the signal that orders movement of the 
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control surfaces to correct errors is a correc¬ 
tion signal. It originates in the control section 
of the missile. Signals that tell the computer 
about deviations in flight path are error signals 
and originate in the guidance subsystem. Since 
all of these signals concern errors, they may 
be called error signals. 

An automatic control system, using these 
principles, is generally referred to as servo¬ 
mechanism, discussed in chapter 9 of this text¬ 
book. 

REQUIREMENTS OF A MISSILE-CONTROL 
SERVOSYSTEM. —It was stated before that the 
missile control subsystem is a servomechanism. 
In performing its function, a servomechanism 
takes an order and carries it out. In carry¬ 
ing out the order, it determines the type and 
amount of difference between what should be 
done and what is being done. Having determined 
this difference, the servomechanism then goes 
ahead to change what is being done to what 
should be done. In order to perform these 
functions, a servomechanism must be able to: 

1. Accept an order which defines the result 
desired. 

2. Evaluate the existing conditions. 

3. Compare the desired result with the exist¬ 
ing conditions, obtaining a difference between the 
two. 

4. Issue an order based on the difference 
so as to change the existing conditions to the 
desired result. 

5. Carry out the order. 

For a servomechanism to meet the require¬ 
ments just stated, it must be made up of two 
systems —an error detecting system and a con¬ 
trolling system. The load device which is con¬ 
nected to the output of the servo, can be 
considered part of the controller. 

By means of servosystems, some property of 
a load device is made to conform to a desired 
condition. The property under control is usually 
the position, the rate of rotation, or the ac¬ 
celeration of the load. The system may be 
composed of electrical, mechanical, hydraulic, 
pneumatic, or thermal units, or of various 
combinations of these units. The load device 
may be any one of an unlimited variety; a mis¬ 
sile control surface (wing or fin), the output 
shaft of an electric motor, and a radar tracking 
antenna are a few typical examples. 


OPEN AND CLOSED-LOOP SERVOSYS- 
TEMS. —Automatic servosystems can be divided 
into two basic types: Open-loop and closed- 
loop systems, as illustrated in figure 2-28. 
In both systems, an input signal must be applied 
which represents in some way the desired con¬ 
dition of the load. 

In the open-loop system, the input signal is 
applied to a controller. The controller positions 
the load in accordance with the input. The 
characteristic property of open-loop operation is 
that the action of the controller is entirely 
independent of the output. 

The operation of the closed-loop system 
involves the use of feedback. The output as 
well as the input determines the action of the 
controller. The system contains the open-loop 
components plus two elements which are added 
to provide the feedback function. The output 
position is measured and a feedback signal pro¬ 
portional to the output is fed back for comparison 
with the input value. The actuating signal is a 
signal which is proportional to the difference 
between input and output. Thus, the system opera¬ 
tion is dependent on input and output rather 
than on input alone. 

Of the two basic types, closed-loop control 
(also called feedback control) is by far the more 
widely used, particularly in applications where 
speed and precision of control are required. 
The superior accuracy of the closed-loop system 
results from the feedback function which is not 
present in open-loop systems. The closed-loop 
device goes into operation automatically to cor¬ 
rect any discrepancy between the desired output 
and the actual load (missile wing and fin) position, 
responding to random disturbances of the mis¬ 
sile wings and fins as weU as to changes in the 
input signal. 

CONTROLLABLE FACTORS. —The missile 
control subsystem is actually a closed-loop 
servomechanism in itself. It is able to detect 
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Figure 2-28. —Basic types of automatic servo- 
systems. 
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roll, pitch, and yaw, and is able to position 
the moveable wings and/or fins in accordance 
with this attitude information. It is important 
to understand that the wings and fins are not 
positioned on the basis of attitude information 
alone. It is again pointed out that movement 
information, guidance signals, and wing position 
information are continuously analyzed in the 
missile computer network. The correction sig¬ 
nals are continuously generated on the basis 
of all this information. 

OVERALL OPERATION. —A basic missile 
control system in block diagram form is given 
in figure 2-29A. Free gyroscopes provide inertial 
references from which missile attitude can be 
determined. For any particular missile attitude, 
gyro signals are sent from the gyroscopes to 
the computer summing network of the missile. 

These signals are proportional to the amount 
of roll, pitch, and yaw at any given instant. 
After these signals have been compared with 
other information (for example,guidance signals), 
correction signals result. The correction signals 
are orders to the controller to position the 
control surfaces (wings and/or fins). The purpose 
of the amplifier is to build the weak correction 
signals up to sufficient strength to cause actua¬ 
tion of the controller. As in any closed-loop 
servosystem, feedback information plays an 
important role. A feedback mechanism continu¬ 
ously measures the position of the wings and fins 
and relays signals back to the computer network. 

In addition to the internal feedback which is 
actually measured by a mechanism, we can think 
of the missile’s movement detecting devices as 
providing an external feedback feature. The fact 
that the gyroscopes continuously detect changing 
missile attitude introduces the idea of external 
feedback. This is represented by the dotted line 
in figure 2-29A. 

ELEMENTS OF MISSILE CONTROL SUB¬ 
SYSTEMS.— The elements of a missile control 
subsystem may be grouped according to their 
functions. They cannot be strictly compartmen¬ 
talized as they must work together and there is 
overlapping. Devices for detecting missile move¬ 
ment may be called error-sensing devices. The 
amount and direction of error must be measured 
by a fixed standard; reference devices provide the 
signal for comparison. Correction-computing 
devices compute the amount and direction of 
correction needed and correction devices carry 
out the orders to correct any deviation. Power 
output devices amplify the error signal, but the 


prime ourpose is to build up a small computer out¬ 
put signal to a value great enough to operate 
the controls. The use of feedback loops provide 
for smooth operation of the controls. 

GUIDANCE 

Purpose and Function 

The purpose of a guidance subsystem is to 
determine die path of the missile while it is 
in flight. This makes it possible for personnel 
at the launching ship to hit a desired target, 
regardless of whether or not it takes deliberate 
evasive action. The guidance function may be 
based on information provided by sources inside 
the missile, on information sent from the launch¬ 
ing ship, or both. 

Thus, the missile guidance subsystem is es¬ 
sentially a part of the weapon control system 
inherently associated with the weapon direction 
phase. Although guidance and control subsystems 
have distinct functions, they must operate to¬ 
gether. The guidance subsystem detects and 
tracks the target, determines the desired course 
to the target, and produces the electrical steering 
signals that indicate the required path; the con¬ 
trol subsystem responds to the signals to keep 
the missile on course, figure 2-29B. 

The operation of the guidance and control 
subsystems is based on the closed-loop or servo 
principle. The control units make corrective 
adjustments of the missile wings and/or fins 
when a guidance error is present. The control 
units will also adjust the wings and/or fins to 
stabilize the missile in roll, pitch, and yaw. 
Guidance and stabilization are two separate pro¬ 
cesses although they occur simultaneously. 

Phases of Guidance 

Missile guidance is generally divided into 
three phases (figure 2-30)—boost, midcourse, 
and terminal. These names refer to different 
parts of the flight path. The boost phase may 
also be called the launching or initial phase. 


INITIAL (BOOST) PHASE. —Navy surface-to- 
air missiles are boosted to flight speed by means 
of the booster component. This boosted period 
lasts from the time the missile leaves the 
launcher until the booster burns up its fuel. In 
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Figure 2-29.—Basic missile guidance and control systems. 
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Figure 2-30. —Guidance phases of missile flight. 
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missiles with separate boosters, the booster 
drops away from the missile at burnout. Dis¬ 
carding the burnt out booster shell reduces the 
drag on the missile and enables the missile 
to travel farther. 


The problems of the initial phase and the 
methods of solving them vary for different mis¬ 
siles and their means of projection. However, 
the basic purposes are the same. The boost 
phase must get the missile off to a good start 
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or will not hit the target. The launcher, 
holding the missile, is aimed in a specific 
direction on orders from the fire control com¬ 
puter. This establishes the line of sight 
(trajectory or flight path) along which the mis¬ 
sile must fly during the boosted portion of its 
flight. At the end of the boost period the mis¬ 
sile must be at the calculated point. 

There are several reasons why the boost 
phase is important. If the missile is a homing 
missile, it must “look” in the predetermined 
direction toward the target. The fire control 
computer (on the ship) calculates this predicted 
target position on the basis of where the missile 
should be at the end of the boost period. Before 
launch, this information is fed into the missile. 

When a beam-riding missile reaches the end 
of its boosted period, it must be in a position 
where it can be captured by the radar guidance 
beam. If the missile does not fly along the 
prescribed launching trajectory as accurately 
as possible, it will not be in position to be 
captured by the radar guidance beam to continue 
its flight to the target. The boost phase guidance 
system keeps the missile heading exactly as it 
was at launch. 

During the boost phase, in some missiles 
(fig. 2-30), the missile’s guidance system and the 
aerodynamic surfaces are locked in position. 
Some missiles (for example, Talo6) are guided 
during the boost phase. 

MIDCOURSE PHASE. —The second, or mid¬ 
course phase of guidance is often the longest 
in both distance and time. During this part of 
the flight, changes may be required to bring the 
missile onto the desired course, and to make 
certain that it stays on that course. During this 
guidance phase, information can be supplied 
to the missile by any of several means. In 
most cases, the midcourse guidance subsystem 
is used to place the missile near the target, 
where the subsystem to be used in the final 
phase of guidance can take over. In some cases, 
the midcourse guidance subsystem is used for 
both the second and third guidance phases. 

TERMINAL PHASE. — The terminal phase is 
of great importance because it can mean a hit 
or a miss. The last phase of missile guidance 
must have high accuracy as well as fast response 
to guidance signals. 

Near the end of the flight, the missile may 
lack the power necessary to make the sharp 
turns that are required to overtake and score 
a hit on a fast-moving target. 


In some missiles, especially short-range 
missiles, a single guidance subsystem may be 
used for all three phases of guidance. Other 
missiles may have a different guidance sub¬ 
system for each phase. 

Beam-Rider Guidance 

This section will give information of a general 
nature on beam rider guidance. It should be 
kept in mind that security requirements prevent 
a detailed description of the guidance system 
of any specific missile. The three supplements 
to this textbook, namely TALOS, TERRIER, and 
TARTAR/BASIC POINT DEFENSE, will give 
you a more detailed description of missile 
guidance and should be studied to enhance your 
knowledge of this subject. 

In the beam-rider guidance system, the mis¬ 
sile has been designed so that it is able to for¬ 
mulate correction signals on the basis of its 
position with respect to the radar scan axis. 

A computer in the missile keeps it centered 
in the radar beam. It locates the center of the 
beam and sends the necessary signals to the 
control subsystem to remain in it. The radar 
keeps the beam pointed at the target and, if 
desired, several missiles may “ride” the beam 
simultaneously. Figure 2-31A illustrates a simple 
beam-rider guidance subsystem. The accuracy 
of this system decreases with range because the 
radar beam spreads out and it is more difficult 
for the missile to remain in its center. If the 
target is moving, the missile must follow a 
continuously changing path, which causes it to 
undergo excessive transverse accelerations. 

A modified beam-rider subsystem uses two 
radars, a target-tracking radar and a missile 
guidance radar (figure 2-31B). The target¬ 
tracking radar feeds target data into the fire 
control computer, which calculates a collision 
point at which the missile will intercept the 
target. The second radar is programed by the fire 
control computer and pointed toward the calculated 
collision point. The missile follows thi6 beam. 

The missile guidance radar transmits infor¬ 
mation to the missile. It indicates the direction 
of the target or the calculated point of inter¬ 
ception. The guidance subsystem within the mis¬ 
sile must interpret the information and then 
formulate its own correction signals. The mis¬ 
sile is said to “ride” the beam to the target. 

The receiving antenna in the missile is a 
very important part of its electronic installa¬ 
tion. Through it must come all guidance sig¬ 
nals from the control radar. There are several 
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difficulties in determining the optimum location 
of an antenna on a missile. First, the antenna 
must not interfere with the aerodynamic stability 
of the missile. Second, it must be located at a 
point where it will not be damaged by the rapid 
acceleration as the missile is launched, and 
where wind will not tear it loose. Finally, the 
antenna must be located where it can effectively 
pick up the signals of the guidance beam. The 
antenna location that has been found most sat¬ 
isfactory is at or near the missile after surfaces. 

The missile antenna is highly directional, 
and most sensitive to signals received from 
behind the missile. The roll-control system of 
the missile keeps it stabilized so that the antenna 
polarization remains constant. Another purpose 
of the roll-control system is to establish an 
up-down, right-left guidance coordinate. 

The guidance signals picked up by the mis¬ 
sile antenna are fed to a receiver. After the 
signals are amplified and demodulated by the 
receiver, they are fed to a computing network 
in the missile. Demodulation is the process of 
extracting information (direction, etc.) about the 
target from the beam’s carrier signal. If the 
missile is off the scan axis of the guidance 
beam, the computer will determine both the 
direction and the magnitude of the error. It 
will then give the correction signals required 
to bring the missile back onto the scan axis. 

Figure 2-32 is a block diagram of the es¬ 
sential components of a beam-rider guided mis¬ 
sile. The computer includes all the necessary 
circuitry to separate the up/down and left/right 
correction signals contained in the output of 
the receiver. The separate signals are then 


amplified and drive the servomotors which actuate 
aerodynamic surfaces or other means of control 
to change the position of the missile and cause 
it to move toward the center of the beam. 

The missile also needs to be roll-stabilized. 
This is done by placing a gyroscope inside the 
missile with its axis oriented so that an output 
is produced if the missile tends to roll. The 
output is amplified to operate control surfaces 
that neutralize the tendency of the missile to 
roll. 

Semiactive Homing System 

In a semiactive homing system, the target 
is illuminated by some means outside the target 
or the missile. Radar is used for this type of 
homing guidance by sending a radar beam to 
the target. The beam is reflected from the 
target and picked up by equipment in the missile. 
The radar transmitter is located aboard the 
launching ship. 

Semiactive homing is used for all or part 
of the trajectory of several of our best-known 
missiles, including TERRIER, TALOS, and 
TARTAR. 

The missile, throughout its flight, is be¬ 
tween the target and the radar that illuminates 
the target. It will receive radiation from the 
launching ship, as well as reflections from 
the target. The missile must therefore have 
some means for distinguishing between the two 
signals, so that it can home on the target rather 
than on the launching ship. This can be done 
in several ways. For example, a highly direc¬ 
tional antenna may be mounted in the nose of the 
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Figure 2-32. —Beam-rider guided missile, block diagram (essential components). 
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missile. Or the doppler principle maybe used to 
distinguish between the transmitter signal and 
the target echoes. Since the missile is receding 
from the transmitter, and approaching the tar¬ 
get, the echo signals will be of a higher fre¬ 
quency. 

The radar receiving antenna in the head of the 
missile is called the seeker or seeker head. It 
receives echoes from the target. The semiactive 
homing antenna system locates the target and 
automatically tracks it. The tracking process 
locates the line of sight between the target and 
the missile. A computer in the guidance system 
uses this tracking information to produce steer¬ 
ing signals. The missile, however, does not fly 
along a line of sight, but follows a collision 
course, or rather, a refined collision course. 
The missile receives this refinement before it 
is launched. It receives this navigational in¬ 
formation through the warmup contactor of the 
launching system. Most of our missiles are 
given a warmup period just before loading on the 
launcher and a final warmup while on the 
launcher, just before firing. 

To intercept high-speed targets like a super¬ 
sonic aircraft or a missile, the semiactive 
homing missile must follow a lead (collision) 
course. If the target flies a straight-line con¬ 
stant-velocity course, the missile can also follow 


a straight-line collision course if its velpcil 
does not change. In actual situations, thei 
usually are variations in speed, change in pat! 
maneuvers of the target, etc. The missile lia 
to adjust its direction to maintain a constai 
bearing with the target. The components in th 
missile must be able to sense the changes an 
make the necessary adjustments in its cours 
to the target. Missile velocity seldom is con 
stant. Irregular propellant burning changes th rue 
and therefore affects speed. Wind gusts and/o 
air density can change the speed and path o 
the missile. The same factors can influence th 
target. The missile must use proportional navi¬ 
gation to achieve target intercept. If the missih 
path is changed at the same rate as the targe 
bearing (fig. 2-33A), the missile will have t< 
turn at an increasing rate (positions 1 to 6) 
and will end up chasing the target (positions ( 
and 7). This flight path follows a pursuit curv< 
and the missile cannot maintain a constant bearinf 
with the target. It is just keeping up with changee 
in target bearing and may not be able to catct 
up with the target. 

To achieve the desired straight-line course 
during the final and critical portion of the at¬ 
tack, the missile must turn at a rate greater 
than the line of sight is turning. By over¬ 
correcting the missile path, a new collision 
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Figure 2-33. —Proportional navigation: A. Pursuit curve; B. Over correction to produce 

proportional navigation. 
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heading is reached and the bearing angle will 
remain almost constant, especially near inter¬ 
cept. This technique results in a proportional 
n&vlgaion course (fig. 2-33B). It is sometimes 
called the N factor, or navigation ratio, which 
is the ratio of the rate of turn of the missile to 
the rate of turn of the line of sight (rate of 
change of target bearing). The missile fire 
control computer on shipboard computes the 
ratio and transmits it to the missile launching 
system for transfer to the missile’s guidance 
and control system. 

For the purposes of this text, we can think 
of the missile guidance components as divided 
into several distinct sections. These are shown 
in block diagram form in figure 2-34. Note that 
these are the components in the missile; launch¬ 
ing station guidance components are not shown. 

In semiactive homing systems, the missile 
receiving antennas and associated equipment 
must be designed in such a way as to produce 
directional information which will enable the 
missile to be guided to the target. 

To carry out this function, the receiving 
antennas are mounted in a gyro-stabilized hom¬ 
ing head. The gyros provide the up-down, right- 
left references on which the missile will base its 
maneuvers to approach the target by the propor¬ 
tional navigation method. 

Radar is generally used for semiactive hom¬ 
ing guidance. The antenna in the missile must 
therefore be capable of detecting radiation at 
radar frequencies. It is mounted in the nose of 
the missile, since information is being obtained 


from the target area and the missile is ap¬ 
proaching the target nose first. When a beam¬ 
riding system is used for the intermediate phase 
of guidance, a separate beam-rider antenna is 
mounted near the tail of the missile. Some mis¬ 
siles with a semi active homing system also have 
a small antenna at the after end of the missile, 
rearward-looking, to receive illuminator energy 
directly from the illuminator radar. This rear 
signal is used as a reference to which the front 
signal is compared to determine the missile- 
target closing rate. This closing rate (range 
rate) is detected by measuring the Doppler effect 
which causes a frequency difference between the 
incoming front and rear signals. The Doppler 
shift is proportional to the range rate. The range 
rate, plus antenna turning rates and position, 
are supplied to the autopilot, which steers the 
missile on a proportional navigation course to 
intercept. 

In some systems, the homing guidance an¬ 
tenna may use a form of conical (or nutating) 
scan in order to take full advantage of the guid¬ 
ance signal. Conical scanning (fig. 2-35) has 
the advantage that the antenna can receive sig¬ 
nals from points off the missile axis. This 
decreases the chance that the missile, while hom¬ 
ing, may lose its target and go out of control. 
The drive unit keeps the antenna continually 
pointed at the target. 

A radar-type receiver must be used in the 
missile when radar is used for semiactive hom¬ 
ing. The signals picked up by the antennas as it 
scans the target area are fed into the receiver. 
The receiver operates in a conventional manner. 
The signals at the output of the receiver are 
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Figure 2-34.—Semiactive homing system; block 
diagram. 



39 


Digitized by 


Google 















FIRE CONTROL TECHNICIAN (MI 3 & 2 


not suitable for use in activating the missile 
flight controls without further processing. 

The receiver output is fed to the signal con¬ 
verter, which changes the signal to a form that 
can be used for comparison with signals from 
another section of the missile electronic equip¬ 
ment. 

The reference unit furnishes the comparison 
signal. This information might be placed in the 
missile just prior to launching or transmitted 
as an FM signal to the missile in flight. It 
could be stored in a variety of forms, such as 
magnetic wires, magnetic tapes, punched paper 
tapes or punched cards. Before a guidance system 
can function, an error signal must be produced. 
The error in flight path, if any, can be deter¬ 
mined by comparing the reference signal and the 
signal from the converter section. Comparison 
of the two signals takes place in other sections 
of the missile electronic equipment. 

The missile flight controls may be used to 
correct the lateral or vertical trajectory of the 
missile. Since it is possible for the missile to 
be on the right course vertically but off course 
laterally, two comparators are used. The output 
from the reference unit and the output from the 
signal converter are fed to both the pitch and yaw 
comparators. 

Should there be no difference in the two sig¬ 
nals at either comparator, the controls would 
remain in neutral position. However, should 
there be a difference in the two signals at either 
comparator, error signals will be generated. 
The error signals are not suitable for use in 
controlling the missile flight surfaces and must 
be sent to other sections of the guidance system 
before they can be used. 

The missile flight control surface operation 
is controlled by autopilots. These devices are a 
combination of gyroscopes and electrical units 
which will be described elsewhere in this manual. 
The autopilot controls operation of the hydraulic 
or electric system which, in turn operates the 
flight control surfaces. There are two autopilots — 
one for the pitch control surfaces and one for 
the yaw control surfaces. 


WARHEADS 

The guided missile must carry some form of 
useful burden—a payload —if it is to accomplish 
its mission. Every action of the missile serves 
as a means to deliver its payload. In training 
missiles, the payload often includes telemeter¬ 
ing units, which collect data during the flight, 


convert it into radio signals, and transmit the 
information to receivers aboard ship. The train¬ 
ing missiles carry dummy payloads which have 
the same physical characteristics as an opera¬ 
tional weapon. In its military role, the guided 
missile’s payload consists of one or more WAR¬ 
HEADS and one or more FUZES. The warhead 
is capable of destroying an enemy target. The 
fuze is a triggering mechanism used to initiate 
the actions of the warhead. 

The basic warhead consists of three functional 
parts: a payload, a fuze, and a safety and 
arming (S&A) device. Variations in warhead type 
are obtained by altering any or even all three 
elements. The warhead of a guided missile 
generally has a separate payload, fuze, and 
safety and arming device. 

Some of the types of warheads that may be 
used in guided missiles are blast-effect, frag¬ 
mentation, shaped-charge, explosive-pellet, 
chemical, biological, and nuclear or thermo¬ 
nuclear. 

PAYLOAD 

The primary element of the warhead is the 
payload, defined as the destructive agent of the 
warhead, or that portion of the warhead which 
accomplishes the desired end result. 

Blast-Effect Warheads 

This type of warhead causes damage by means 
of a high-pressure wave or blast, which results 
from the detonation of high-explosive material. 
Blast warheads are very effective against ground 
targets. They are less effective against aerial 
targets since the pressure wave dissipates rapidly 
in air. 

Fragmentation Warheads 

These warheads operate by bursting a metal 
case containing a high-explosive charge. Upon ex¬ 
plosion, the container is shattered into hundreds 
of fragments which fly out at high velocities; and 
these are capable of damaging targets at con¬ 
siderable distances from the point of detonation. 
For this reason, this sort of warhead is very 
effective against aerial targets. Usually the war¬ 
head does not penetrate the target but is deto¬ 
nated by the fuze at a distance which allows the 
full destructive effect to be realized. 

The continuous rod warhead (fig. 2-36) is a 
controlled fragmentation type warhead used exten¬ 
sively on SMS missiles. Upon detonation, the 


Digitized by Google 



Chapter 2 —THE GUIDED MISSILE 


EXPANDING CIRCLE OF 
CONTINUOUS ROD 



Chemical Warheads 

This type may contain either war gases or 
incendiary materials. Warheads containing gases 
may liberate any of the well-known types such 
as mustard gas or lewisite, or some newly 
developed chemical. The effects produced are 
either denial of the use of the target area or 
personnel casualties within the area. 

The incendiary warhead contains a material 
that burns violently and is difficult to extinguish, 
while covering a large area after release from 
the warhead. Incendiary weapons are useful 
principally against ground targets. 
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Figure 2-36. —Expansion of continuous rod war¬ 
head. 


continuous rod warhead expands radially into 
a ring pattern. The intent is to cause the con¬ 
nected rods, during their expansion, to strike 
the target and produce damage by a cutting action. 
Connected rods generally form two semicircles 
as they expand. This prevents disintegration of 
the circular pattern when maximum expansion 
is reached. 

Shaped-Charge Warheads 

The amount of explosive power released from a 
shaped charge or “cavity charge” depends on 
the shape of the explosive material. 

Experiments show that if a regular cavity 
such as a conical hole is molded into the side 
of an explosive charge nearest the target, the 
effect on the target is greatly increased. The 
presence of the hole brings about a concentra¬ 
tion of the explosive force in much the same 
way light is focused into an intense beam by 
a lens. 

Explosive-Pellet Warheads 

A warhead of this type contains a number of 
small explosive charges or pellets, each of which 
is separately fuzed. When the main warhead is 
detonated, the pellets are ejected but withstand 
the force of the explosion and are hurled intact 
toward the target. The pellets then detonate 
either on impact or after penetrating the target 
skin. The total destructive effect combines both 
blast and fragmentation effects, since blast dam¬ 
age is great when the individual charge is ex¬ 
ploded, regardless of whether the explosion oc¬ 
curs at the skin of the target or after penetrat¬ 
ing it 


Biological Warheads 

A biological weapon delivered by a missile 
would contain living organisms capable of dis¬ 
rupting personnel activities in the target area 
by causing sickness or death to the inhabitants. 

Nuclear and Thermonuclear Warheads 

In this type, destruction and damage result 
from the processes of atomic fission or fusion. 
The destructive effects are blast, heat, and 
radiation. The detonation results in death, sick¬ 
ness, and the denial of the use of large areas 
as a result of the release of radioactive elements. 

FUZES 

The fuze is that part of the warhead which 
initiates detonation of the payload. In guided 
missiles the fuze is referred to as the Target 
Detection Device (TDD). For an attack to be 
effective, detonation must occur at the time 
during the missile’s trajectory that will cause 
maximum damage to the target. Called 
the “optimum time of detonation”, it is de¬ 
termined by the nature of the target and the attack 
geometry involved. If effectively designed, the 
fuze will always recognize and initiate detonation 
at this optimum time. Some method of obtaining 
the required data is necessary. The data may 
be derived from energy which is either generated 
or influenced by the target, or from the motion 
of acceleration of the missile. The fuze may 
perform this data-gathering function independ¬ 
ently or may be supplied with the required data 
by a central data-gathering system which also 
supplies data to other components of the missile, 
such as the guidance system. 

The missile warhead is activated by the ac¬ 
tions of one or more fuzes, which release the 
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destructive forces after certain conditions have 
been fulfilled. The type of fuzing employed de¬ 
termines whether the warhead is detonated at 
a distance from the target, upon impact with it, 
immediately following penetration, or at some 
fixed time after penetration of the target skin. 
The missile warhead is generally detonated at 
one of the three time relations with the target 
shown in figure 2-37. 

The most effective type of fuze for a given 
missile depends upon the nature of the target 
and the possibilities of the warhead for causing 
damage. The types often employed in missiles 
are the IMPACT, GROUND-CONTROLLED, and 
PROXIMITY fuzes. 

Impact Fuzes 

Impact fuzes are actuated by the inertial 
force exerted when the missile strikes the 
target. If detonation takes place at the moment 
of impact, the fuze is of the NON-DELAY, or 
INSTANTANEOUS type. If the detonation takes 
place some time after penetration, the fuze 
is said to be of the DELAY type. 

Ground-Controlled Fuzes 

In ground-controlled fuzes, some device is 
used for measuring the distance from the mis¬ 
sile to the target. The control device is not 
mounted in the fuze but on the ground; and when 
the proper space relationship exists between 
the missile and its target, a signal is sent 
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Figure 2-37. —Types of fuzing. 


to detonate the fuze from the control point 
on the ground. 

Proximity Fuzes 

Fuzes of this type are actuated by the in¬ 
fluence of some property of the target and are 
detonated at a distance which allows maximum 
damage to take place. Five general classes of 
proximity (also called VT, or variable- time) 
fuzes can be distinguished according to the 
property to which the device responds. These 
are radio, pressure, acoustic, photoelectric, and 
electrostatic fuzes. 

Radio fuzes contain miniature transmitters 
and receivers. In flight, radio signals are radi¬ 
ated, some of which are reflected by the target. 
At the proper time, the action of the reflected 
waves causes an electronic switch to close and 
fire the detonator. Fuzes of this kind have been 
developed to a high degree of accuracy and de¬ 
pendability. They operate effectively in both 
darkness and daylight and in all kinds of weather. 

Proximity fuzes which respond to changes 
in pressure generally lack the sensitivity and 
reliability required for guided missile applica¬ 
tions, but in some cases they are useful against 
surface targets. 

Acoustic fuzes, which respond to sound, have 
the valuable property of 1 all-weather, day-or- 
night effectiveness; but they also have a disad¬ 
vantage in that they are subject to local 
vibrations. 

The possibilities of the electrostatic system 
of fuzing in which the detonating influence is the 
electric field of the target have also been ex¬ 
plored. Attempts to develop the fuze were un¬ 
successful— probably because of the variable 
nature of the electrostatic field surrounding 
possible targets. Photoelectric fuzes react to 
external light sources and ordinarily are in¬ 
operable at night or in conditions of low visi¬ 
bility. 

Of these various types of proximity fuzes 
the radio system has proved to be the most re¬ 
liable and effective for missile applications. 

SAFETY AND ARMING 


The safety and arming (S&A) device per¬ 
forms two sequential functions within the warhead. 
First, it prevents accidental detonation of the 
warhead (safety feature) by interrupting the 
path between the fuze and the payload until it is 
ascertained that detonation will not be dangerous 
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to friendly forces. Secondly, it provides a detona¬ 
tion path (arming feature) between the fuze 
and the payload, after safety has been assured, 
by removing the interruptor. The S&A device 
thus acts as an open switch until safe detonation 
can be accomplished, and is then closed there¬ 
after. Normally the method employed to 
accomplish the safety function is to insert a 
physical barrier between the fuze and the pay- 
load. 

In some cases the S&A device is used to 
destroy the missile by initiating the payload 
or another destructive charge if the target is 
not met and there is a chance that the missile 
may become a danger to friendly forces. As 
a secondary consideration, it is often desirable 
to delay arming until just before optimum det¬ 
onation due to incorrect fuze action caused by, 
for example, enemy countermeasures. 


PROPULSION 

The underlying principle of propulsive move¬ 
ment has been stated by Newton in his Third 
Law of Motion: To every action there is an 
equal and opposite reaction. Every forward ac¬ 
celeration or change in motion is a result 
of a reactive force acting in the opposite direc¬ 
tion. A person walks forward by pushing back¬ 
wards against the ground. In a propeller-type 
airplane, the air through which it is moving 
is driven backward to move the airplane for¬ 
ward. In a jet-propelled plane or a rocket, a 
mass of gas is emitted rearward at high speed, 
and the forward motion of the plane is a re¬ 
action of the motion of the gas. Matter in the 
form of a liquid, a gas, or a solid may be 
discharged as a propellent force, expending its 
energy in a direction opposite to the desired 
path of motion, resulting in a predetermined ac¬ 
celeration of the propelled body along a desired 
trajectory. 

CLASSIFICATION OF JET SYSTEMS 

Jet propulsion systems used in guided mis¬ 
siles may be divided into two types: Ducted 
propulsion systems (TALOS) and rocket sys¬ 
tems (TERRIER, TARTAR, STANDARD, and 
SPARROW HI). 

Missiles using a ducted propulsion system 
are air-breathing missiles; they are incapable of 
operating in a vacuum. The missile takes in 
a quantity of air at its foward end, increases 
its momentum by heating it, and produces thrust 


by permitting the heated air and fuel combustion 
products to expand through an exhaust nozzle. 
This process may be broken down into the 
following steps: air is taken in and compressed; 
liquid fuel is injected into the compressed air; 
the mixture is burned; and the resulting hot 
gases are expelled through a nozzle. The air 
may be compressed in any of several ways. 
In a turbojet engine, air is compressed by a 
rotary compressor, which in turn is operated 
by a turbine located in the path of the exhaust 
gases and mounted on the same shaft as the 
compressor. (A turboprop engine, now used in 
some manned aircraft but not in guided mis¬ 
siles, makes use of a propeller mounted at the 
forward end of the compressor turbine shaft.) 
In a pure duct system, such as the ramjet, air 
is compresssed by the forward motion of the 
missile through it. The now obsolete pulsejet 
also depends on forward motion for compres¬ 
sion. It differs from the ramjet in that com- 
busion is intermittent, rather than continuous. 

Rockets do not depend on air intake for 
their operation, and are therefore capable of 
traveling beyond the atmosphere. A rocket engine 
carries with it all the materials required for 
its operation. These materials usually consist 
of a fuel and an oxidizer. The oxidizer is a 
substance capable of releasing all the oxygen 
required for burning the fuel. 

Figure 2-38 charts the type of jet propulsion 
systems. Both types, rockets and atmospheric 
jets, receive their thrust as reaction to the 
exhaust of combustion gases. Jet engines fre¬ 
quently are called reaction motors, since the 
exhaust gases produce the action while the 
opposite motion of the missile or aircraft rep¬ 
resents the reaction. Both types can be called 
thermal jets because they are dependent on the 
action of heat. The reaction which propels the 
jet engine occurs WITHIN the engine, and does 
not occur as a result of the exhaust gases 
pushing against the air. 

ATMOSPHERIC JETS 

Any jet-propelled system that obtains oxygen 
from the surrounding atmosphere to support 
the combustion of its fuel is an atmospheric 
jet engine. Pulse jets, ramjets, turbojets, and 
turboprops are all of this type, although the 
latter are not used in guided missiles. Ob¬ 
viously, the operation of these engines is 
limited by the amount of oxygen available, and 
they can operate only at altitudes where the 
oxygen content of the air is adequate. The 
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Figure 2-38. —Classification of missile Jet power plants. 


33.12 


upper limit of operation depends on the type of 
design of the particular engine. 

Ramjet 

A ramjet engine derives its name from the 
ram action that makes its operation possible. 
(This engine is sometimes referred to as the 
athodyd, meaning aerothermodynamic duct.) It 
is the simplest of the air-breathing propulsion 
engines, and has no moving parts. 

Ramjet operation is limited to altitudes below 
about 90,000 feet because atmospheric oxygen 
is necessary for combustion. The velocity that 
can be attained by a ramjet engine is theoreti¬ 
cally unlimited. The faster a ramjet travels 
the more effectively it operates, and the more 
thrust it develops. But its upper speed is lim¬ 
ited, in practice, to about Mach 5.0, because 
of frictional heating of the missile skin. The 
major disadvantage of a ramjet is that the higher 
the speed at which it is designed to operate, 
the higher the speed to which it must be boosted 
before automatic operation can begin. The TALOS 
missile employs a ramjet propulsion system. 

COMPONENTS OF RAMJETS. —Basically, a 
ramjet consists of a cylindrical tube open at 
both ends, with a fuel-injection system inside. 
From this, the term ‘‘flying stovepipe” originated. 
Even though all ramjets contain the same basic 
parts, the structure of these parts must be 
modified to produce satisfactory operation in 


the various speed ranges. The principal parts 
of a ramjet engine are a diffuser section; a 
combustion chamber that contains fuel injectors, 
spark plugs, and flameholder; and an exhaust 
nozzle (fig. 2-39). 

The diffuser section serves the same pur¬ 
pose in the ramjet as it does in the pulsejet. 
It decreases the velocity and increases the 
pressure of the incoming air. Since there is 
no wall or closed grill in the front section 
of a ramjet, the pressure increase of the r am 
air must be great enough to prevent the escape 
of the combustion gases out the front of the en¬ 
gine. Diffusers must be especially designed for 
a specific entrance velocity, or predetermined 
missile speed. In other words, the desired 
pressure barrier is developed only when air 
is entering the diffuser at the speed for which 
that particular diffuser was designed. 

The purpose of the air intake and dif¬ 
fusion system is to decelerate the velocity 
of the air from its free stream speed to the 
desired speed at the entrance of the combustion 
chamber with a minimum of pressure loss. 
Only air-breathing engines need diffusers. 

The combustion chamber is of course the 
area in which burning occurs and high-pressure 
gases are generated. The fuel injectors are 
connected to a continuous-flow fuel supply sys¬ 
tem, adequately pressurized to permit fuel to 
flow against the high pressures that exist in the 
forward section of the combustion chamber. 
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Figure 2-39. —Supersonic ramjet operation. 


Combustion is started by a spark plug; once 
started, it is continuous and self-supporting. 
The flameholder prevents the flame front from 
being swept too far toward the rear of the engine, 
thus stabilizing and restricting the actual burning 
to a limited area. The flameholder also ensures 
that the combustion-chamber temperature will 
remain high enough to support combustion. 

A flameholder is a metal grid or shield 
punctured with a variety of sharp-edged holes 
(usually not round), designed to stabilize a 
flame. Burning propellants tend to linger in 
these holes and this ensures continuous ignition 
of the injected fuel throughout the operating 
cycle. Flameholders are necessary to prevent 
“blowout* * of the burning fuel by the air rushing 
through the combustion chamber. The config¬ 
uration and location of the flameholders is a 
crucial development problem in the ramjet. 
The flame speed varies with different fuels, 
but in general the flame speed is slower than 
the air speed through the combustion chamber. 
The flameholders reduce the local air speed 
to accommodate the slower flame speed. 

The design and location of the fuel injection 
nozzles and the control system for fuel injection 
are important to get the correct proportion 
of air and fuel mixture in the combustion chamber. 

The exhuast nozzle is a nonuniform chamber 
through which the gases generated in the com¬ 
bustion chamber flow to the outside. The function 
of the exhaust nozzle is to increase the velocity 
of the gases. Since the gases are allowed to escape 
out the rear through the exhaust nozzle, the force 
in the forward direction is unbalanced. The 
degree to which this force is unbalanced depends 


on the efficiency with which the exhaust nozzle 
can dispose of the rearward-moving combustion 
gases by converting their high-pressure energy 
into velocity energy. 

OPERATION OF A RAMJET. —A supersonic 
ramjet engine cannot develop static thrust; there¬ 
fore, it cannot take off under its own power. 
If fired at rest, high-pressure gases would 
escape out the front as well as the rear. For 
satisfactory operation, the engine must be boosted 
to a suitable supersonic speed so that the ram 
air entering the diffuser section developes a 
pressure barrier high enough to confine the escape 
of combustion gases to the rear only. Figure 
2-39 is a diagram of a supersonic ramjet engine. 
Note the simple tubular construction, and the 
openings at front and rear. 

As ram air passes through the diffuser the 
velocity of the air decreases while the pressure 
increases. This is brought about by the increase 
in cross section of the diffuser. Fuel is sprayed 
into the combustion chamber through the fuel 
injectors. The atomized fuel mixes with the 
incoming air, and the mixture is ignited by the 
spark plug. As previously stated, burning is con¬ 
tinuous after initial ignition, and no further spark 
plug action is needed. 

The gases that result from the combustion 
process expand in all directions, as shown by the 
arrows in the central part of the combustion 
chamber (fig. 2-39). As they expand in the for¬ 
ward direction, the gases are stopped by the 
barrier of high-pressure air and the internal 
sloping sides of the diffuser section. The only 
avenue of escape remaining for the combustion 
gases is through the exhaust nozzle, and here 
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another important energy conversion occurs: The 
pressure energy of the combustion gases is 
converted to velocity. While the gases pass 
through the convergent nozzle, the pressure 
energy of the gases decreases and the velocity 
increases at the exhaust nozzle exit. 

Thrust is developed in the ramjet as a 
result of the imbalance of forces acting in the 
forward and rearward directions. The bom¬ 
bardment of combustion gases against the slop¬ 
ing sides of the diffuser and the ram-air 
barrier exert a force in the forward direction. 
This forward force is not balanced by the com¬ 
bustion gases that escape through the exhaust 
nozzle. The unbalanced force constitutes the 
thrust that propels the missile. 

ROCKET MOTORS 

Unlike a jet engine, a rocket carries with¬ 
in itself all the mass and energy required for 
its operation. It is independent of the surround¬ 
ing medium. In a rocket, the chemical reaction 
takes place at a very rapid rate. This results 
in higher temperatures, higher operating pres¬ 
sures, and higher thrust development than in 
jet engines. Because of the high pressures 
developed in rocket motors, the convergent- 
divergent nozzle is used so that more of the 
energy can be extracted from the gases after 
they have passed the throat section. The basic 
principles involved in the action of other jet- 
propulsion units also apply to rockets. 

The TALOS Booster and the TERRIER, TAR¬ 
TAR, STANDARD, and SPARROW HI missiles all 
utilize solid-fuel rocket motor propulsion sys¬ 
tems. 
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Figure 2-40. —Components of a solid rocket 
motor, with end-burning grain. 


A solid rocket unit consists of the pi 
pellant, combustion chamber, igniter, and € 
haust nozzle, figure 2-40. 

The combustion chamber of a solid rocl 
serves two purposes. First, it acts as a stc 
age place for the propellant. Second, it serv 
as a chamber in which burning takes place. E 
pending on the grain configuration used, tt 
chamber may also contain a device for holdi 
the grain in the desired position, a trap to pr 
vent flying particles of propellant from cloggi 
the throat section, and resonance rods to abso 
vibrations set up in the chamber. 

The igniter consists of a small charge 
black powder, or some other material that c 
be easily ignited by either a spark dischar} 
or a hot wire. As it burns, the igniter pr 
duces a temperature high enough to ignite t 
main propellant charge. Hollow cylindrical grai 
have inherently uniform burning rates. Furth 
configurations include end burning gra 
(fig. 2-40), internal burning star grain, and r 
and tube grain illustrated in figure 2-41. 

Of the seven solid propulsion units us» 
with the SMS missiles described in this ra 
training manual, the MK 30 shown in figure 2 -< 
is the only end-burner. All others burn radial 
outward with various internal geometric cavitiei 
and have the igniter in the forward end. 

The exhaust nozzle serves the same pui 
pose as in any other jet-propulsion svstem. 
must be of heavy construction and/or heal 
resistant materials, because of the high tempei 
atures of the exhaust jet. 

The three missiles that employ the Soli 
Propulsion Unit with detachable boosters ai 
TALOS, TERRIER, and STANDARD (ER). Tb 
remaining three missiles, TARTAR, STANDAR 
(MR), and SPARROW are all Dual Thrust Rock< 
Motors (DTRM) which have a booster grai 
cast within the sustainer grain, figure 2-42 

The DTRM produces two levels of thrusi 
During the first four seconds (approximate) c 
flight, the motor develops booster thrust suf 
ficient to accelerate the missile to normal fligt 
speed. After booster thrust ends, a slower burain 
component in the rocket motor continues t 
develop a lower magnitude of thrust (sustaine 
thrust) to maintain normal flight speed. Be 
cause it develops both booster and sustaine 
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Figure 2-41. — Solid propellant configuration. 
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thrust the motor is called a “dual thrust rocket 
motor* * (DTRM). 

Figure 2-43 shows a cross-section view of 
tile DTRM as seen from the end of the missile. 
The inner, or booster part of the DTRM is,a fast- 
burning type of propellant and burns first; and 


then the slower burning propellant in the sus- 
tainer portion takes over to furnish the thrust 
during the remainder of missile flight. 

Operation of a solid rocket is simple. To 
start the combustion process, some form of elec¬ 
trically detonated squib is ordinarily used to 
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Figure 2-42. — Cutaway view of a dual thrust rocket motor. 
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Figure 2-43. — Cross section of DTRM, showing 
conformation of booster propellant and 
sustainer propellant grain. 


MISSILE FLIGHT PATHS 

A common way to bring a warhead and tar¬ 
get together is to launch a missile at a target. 
This method has been used since men first 
started throwing rocks at one another. Now more 
sophisticated guided missiles, which travel 
farther and faster, and have tremendous de¬ 
structive power are used. 

A guided missile follows a path which is 
partially determined by the forces acting upon 
it. If these forces have been correctly predicted, 
the missile will hit the target. 

FORCES EFFECTING FLIGHT PATHS 

Some of the forces acting on a missile are 
due to nature; others are man-made. Natural 
forces include gravity, and those forces that are 
generated by the medium through which a mis¬ 
sile is traveling (aerodynamic forces), which 
have been discussed in the missile structure 
part of this chapter. Natural forces are not 
fully controllable. Of course, their action on 
a missile can be modified by causing the mis- i 
sile to fly higher, reducing the aerodynamic and : 
gravitational forces acting on it. Man made forces i 
include propulsion through jet thrust and rocket i 
thrust, also steering forces. 


ignite a smokeless or black powder charge. Upon 
igniting, the powder charge provides sufficient 
heat and the pressure to raise the exposed sur¬ 
face of the propellant grain to a point where 
combustion will take place. 


NEWTON’S LAWS OF MOTION » 

! 

Although Newton lived long before the mis- j 
sile and space age (1642-1727), the laws of ^ 
motion which he discovered and formulated are ( 
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valid for missiles and other objects passing 
through the atmosphere. 

We discussed Newton’s third law of motion 
during our study of propulsion. Now lets look 
at Newton’s first and second laws of motion. 

Newton’s first law states: “A body in a 
state of rest remains at rest, and a body in 
motion remains in uniform motion, unless acted 
upon by some outside force.” This means that 
if an object is in motion, it will continue in 
the direction and at the same speed until some 
unbalanced force is applied. And, whenever there 
are unbalanced forces acting on an object, that 
object must change its state of motion. In order 
to cause a body to deviate from its condition 
of uniform motion, a push or a pull must be 
exerted on it. This requirement is due to that 
general property of all matter known as INERTIA. 

Newton’s second law states: ‘‘The rate of 
change in momentum of an object is propor¬ 
tional to the force acting on the object, and in 
the direction of the force.” The momentum of 
an object may be defined as the force that 
object would exert to resist any change of its 
motion. 

ACCELERATION 

Acceleration is a change in either speed or 
direction of motion. Thus, a missile accelerates 
as it increases or decreases speed along the 
line of flight, or if it changes direction in turns, 
dives, or pullouts, or as a result of a gust of 
wind. During accelerations a missile is sub¬ 
jected to large forces which tend to keep it 
flying along its original line of flight. This is 
in accordance with Newton’s first law of motion 
which states: A body remains at rest or in a 
state of uniform motion in a straight line unless 
acted upon by an external force. 

The force which acts on the missile during 
acceleration is measured in terms of the standard 
unit of gravity, abbreviated by the letter “g”. 
A freely falling body is attracted to the earth by 
a force equal to its weight, with the result that 
It accelerates at a constant rate of approximately 
32 feet per second per second. Its acceleration 
while in free fall is said to be one “g”. Missiles 
making rapid turns or responding to large changes 
tn thrust will experience accelerations many 
times that of gravity, the ratio being expressed as 
a number of “g’s”. The number of “g’s” which 
a missile can withstand is one of the factors which 
determines its maximum turning rate and the 
type of launcher suitable for the weapon. 
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MACH NUMBERS AND 
SPEED REGIONS 


Missile speeds are expressed in terms of 
MACH NUMBERS rather than in miles per hour 
or knots. The Mach number is the ratio of 
missile speed to the local speed of sound. For 
example, if a missile is flying at a speed equal 
to one-half the local speed of sound, it is said 
to be flying at Mach 0.5. If it moves at twice 
the local speed of sound, its speed is then 
Mach 2. (The term “Mach number” is derived 
from the name of an Austrian physicist, Ernst 
Mach, who was a pioneer in the field of aero¬ 
dynamics.) 

Local Speed of Sound 

The speed expressed by the Mach number is 
not a fixed or constant quantity since the speed 
of sound in air varies directly with the square 
root of the absolute temperature of the air. 
For example, it decreases from 760 miles per 
hour (mph) at sea level (for an average day 
when the air is 59° F) to 661 mph at the top of 
the troposphere. The speed of sound remains 
constant (with the temperature) between 35,000 
feet and 105,000 feet, then rises to 838 mph, 
reverses, and falls to 693 mph at the top of the 
stratosphere. Thus you can see that the speed 
of sound will vary with locality. 

The range of aircraft and missile speed is 
divided into four regions which are defined with 
respect to the local speed of sound. These 
regions are as follows: 

SUBSONIC FLIGHT. —In which the airflow 
over all missile surfaces is less than the speed 
of sound. The subsonic division starts at Mach 0 
and extends to about Mach 0.75. (The upper 
limit varies with different aircraft, depending 
on the design of the airfoils.) 

TRANSONIC FLIGHT. —In which the airflow 
over the surfaces is mixed, being less than sonic 
speed in some areas and greater than sonic 
speed in others. The limits of this region are not 
sharply defined but are approximately Mach 0.75 
to Mach 1.2. 


SUPERSONIC FLIGHT. — In which the airflow 
over all surfaces is at speeds greater than sound 
velocity. This region extends from about Mach 1.2 
upward. 


HYPERSONIC FLIGHT. —In which the time 
of passage of the missile is of the order of 
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RELAXATION TIME. Relaxation time is the 
time required for molecules of air to adjust 
themselves to the presence of a body or to 
readjust themselves after the passage of the 
body. Mach numbers on the order of 10 may be 
considered as hypersonic. Velocities that are 
not hypersonic at sea level may become so at 
high altitudes, since relaxation times will be 
longer where densities are relatively low. 

Subsonic Flight 

At subsonic speeds, sustained flight is de¬ 
pendent on forces produced by the motion of 
the aerodynamic surfaces through the air. If 
the surfaces of airfoils are well designed, the 
streams of air flowing over, under, and around 
them are smooth, conforming to the shapes of 
the airfoils. If, in addition, the airfoils are set 
to the proper angle and if motion is fast enough, 
the airflow will support the weight of the air¬ 
craft or missile. 

Transonic and Supersonic Flight 


it. But, when the missile approaches the speed 
of sound, the pressure waves are generated 
almost as fast as they can move away from the 
missile. This means that the greater the speed 
of the missile, the fewer the number of air 
particles that will be able to move from its 
path, with result that the air begins to pile 
up in front of the missile. In other words, more 
air is compressed in the area just ahead of the 
missile. 

When the missile reaches the speed of sound, 
it is moving at the same speed as the pressure 
waves it generates. Thus a situation occurs in 
which the air particles forward of the com¬ 
pressed region at one moment are completely 
undisturbed, and at the next moment are com¬ 
pelled to undergo drastic changes in velocity, 
density, temperature, and pressure. Because 
of the sudden nature of the transition, the boundary 
between the undisturbed air and the compressed 
region is called a SHOCK WAVE. 


Shock Waves 


Control of missiles in the transonic and 
supersonic regions differs somewhat from that 
at subsonic speeds. Particularly in the transonic 
regions are the effects varied, depending mainly 
on the characteristics of the missile involved. 
The differences in control may be the result of 
COMPRESSIBILITY, a property of the airstream 
which is not prominent at low speed but which 
cannot be ignored at high speeds. 

THE NATURE OF COMPRESSIBILITY.— 
When an object moves through the air, it con¬ 
tinuously produces small pressure disturbances in 
the airstream as it collides with the air particles 
in its path. Each such disturbance — a small varia¬ 
tion in the pressure of the air — is transmitted out¬ 
ward in the form of a weak pressure wave. Each 
expanding pressure wave travels at the speed of 
sound. Although each pressure wave expands 
equally in all directions, the important direction is 
that in which the object generating it is moving. 

As long as the missile is moving at low 
subsonic speeds the pressure waves, traveling 
at the speed of sound, move out and away from 
the missile. Therefore, when the missile ar¬ 
rives at any given point, the air particles agi¬ 
tated by the pressure wave are already in 
motion and can easily and smoothly flow around 


There are several types of shock waves, the 
principal classes being the NORMAL and the 
OBLIQUE (fig. 2-44). These differ primarily in 
the way in which the airstream passes through 
them. In the normal (or perpendicular) wave, 


NORMAL SHOCK WAVE 




33.27 

33.28 

Figure 2-44, — Formation of shock waves: A, 
Normal shock waves; B. Oblique shock 
waves. 
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the air passes through without changing di¬ 
rection, and the wavefront is perpendicular to 
the line of flow. The normal shock wave is 
usually very strong; that is, the changes in 
pressure, density, and temperature within it 
are great. The air passing through the normal 
shock wave always changes from supersonic to 
subsonic velocity. 

Oblique shock waves are those in which the 
airstream changes in direction upon passing 
through the transition marked by the wavefront. 
These waves are produced in supersonic air- 
streams at the point of entry of wedgeshaped and 
other sharply pointed bodies. The resulting wave- 
fronts make angles of less than 90° with the 
line of flight. Like the normal shock wave, 
the oblique wave occurs at a point of change in 
velocity from a higher to a lower value. The 
change in speed is usually from supersonic to 
subsonic but not always so. In some cases the 
airflow is supersonic both upstream and down¬ 
stream of the oblique wave. In general, the 
variations in density, pressure, and temperature 
are less severe in the oblique wave than in the 
normal shock wave. 

FLIGHT PATH PHASES 

A missile in flight does not necessarily exper¬ 
ience the same type of force all the time. During 
®ome portions of its flight it may travel through 


air in which the density varies according to 
altitude. 

A guided missile generally experiences natural 
and man-made forces, with velocity vector con¬ 
trol, throughout its flight. 

Tn any missile flight, those phases during 
which there is no velocity vector control (boost 
phase) acting on the missile are called phases 
of ballistic flight. In missile flight, those phases 
during which there is Velocity vector control acting 
on the missile are called phases of guided 
flight. 

Man-made forces include thrust and direc¬ 
tional control as shown in figure 2-45. The vector 
sum of all the forces, nature and man-made, 
acting on a missile at any instant, may be called 
the total force vector. It is this vector, con¬ 
sidered as a function of time in magnitude and 
direction, which provides velocity vector control. 

GUIDED FLIGHT PATHS 

A variable guided missile path is one that 
can be changed during flight, either by orders 
from the launching ship (beam riding), or in 
response to new target data received by the 
missile. When a missile path is determined by 



Figure 2-45. —Vector control. 
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target data received directly from the target 
by the missile, the missile is said to be “homing”. 
By convention, homing i6 divided into three cate¬ 
gories, as discussed previously in this chapter: 

(1) Active. The missile transmits energy to 
the target and guides itself by the echo signal 
received. 

(2) Semi-active. The target receives energy 
from the launching ship. The missile picks up 
the echo signal and guides itself by the sig¬ 
nals received. 

(3) Passive. The target receives no trans¬ 
mitted energy. The missile guides itself by 
radiation (heat, infrared, or electronic counter¬ 
measure signals) emitted from the target. 

Types of Paths 

\ 

PURSUIT. —The simplest procedure for a 
guided missile to follow is to remain pointed 
at the target at all times. The missile is then 
headed along the line of sight at every instant 
and its track describes a Pursuit path. The rate 
of turn of the missile is always equal to the 
rate of turn of the line of sight. Pursuit paths 
are highly curved near the end of flight, Figure 
2-46. 

COLLISION. — At the opposite extreme to a 
pursuit path is a Collision path. The missile is 
timed at such a point ahead of the target that 
both the missile and the target will reach that 
point at the same instant. The line of sight does 
not rotate relative to the missile. The missile 
path is as linear as a path can be when the mis¬ 
sile is acted on by gravity and air resistance. 
If the target makes an evasive turn, a missile 


executing a variable collision path will compute 
a new collision point from the new target path, 
and will aim at that point. 

PROPORTIONAL NAVIGATION. —A missile 
may also fly a path which is intermediate be¬ 
tween a pursuit path and a collision path. This is 
known as a Proportional Navigation path. The 
missile travels in such a way that its own rate 
of turn is proportional to the rate of turn of 
the line of sight from missile to target at any 
instant. If the missile rate of turn equals the 
line of sight rate of turn, the flight path becomes 
a pursuit path (which is really a special case 
of the proportional navigation path). In general, 
in proportional navigation, the missile rate of 
turn is a fixed multiple of the line of sight rate 
of turn. Proportional navigation paths are less 
curved than pursuit paths, but more curved than 
collision paths. 

LINE OF SIGHT. — Another path that can be 
flown by missiles is the Line of Sight path. Here, 
the missile is guided so that it always travels 
along the line of sight from launching ship to 
target. This is an example of “beam riding”, 
where the missile rides a beam that is radiated 
from the ship and kept trained on the target. 
Note that a pursuit path also follows a line of 
sight, the line of sight from the missile. A beam¬ 
riding line of sight path follows the line of sight 
from the launching ship. 

CONSTANT LEAD ANGLE. —An alternative 
form of beam riding path is the Constant Lead 
Angle path; here the beam is kept ahead of the 
line of sight by a constant offset. 
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CHAPTER 3 


WEAPON CONTROL SYSTEMS 


A weapon control system is the nerve center 
of a complete weapons system, and has as its 
elemental purpose the control of a guided missile 
to ensure the maximum kill probability of the 
weapon system. The various functions of the 
control system may be categorized as (1) to 
receive and assimilate tracking information from 
system radar equipment regarding location, ve¬ 
locity, and attitude of a target, or targets, (2) 
to calculate or compute the predicted line of 
fire to ensure capture of beam riding missiles 
by the guidance beam, (3) to position the missile 
launcher in accordance with its computed launch¬ 
er orders, and (4) to control the guided missile 
flight path after launch to ensure target inter¬ 
cept. 

FUNCTIONS OF THE SYSTEM 

The principal subsystems of a weapon control 
system are the data gathering elements; the data 
processing, data conversion, and coordinate con¬ 
version devices utilized in the fire control com¬ 
puter to calculate the predicted launch angle; 
and the missile flight path control devices (guid¬ 
ance) that effectively control the flight orientation 
of the missile on order from the fire control 
computer prior to launch; and during flight time 
for beam riding missiles. 

DATA GATHERING 

The gathering of data for use as input to the 
fire control prediction unit of the computer is 
called DATA GATHERING and is one of the 
prime functions of a weapon control system. 
The data must contain sufficient information to 
allow the computer unit to do more than make 
an educated guess in its determination of a 
predicted launch angle. 

DATA PROCESSING 

Once this required data is gathered, it then 
becomes necessary to compute the predicted 


launch angle within a predetermined length of 
time so that the missile may be launched with 
the proper velocity vector to ensure a hit, or 
guidance beam capture of the missile. Compu¬ 
tation of the predicted launch angle is the basic 
requirement of DATA PROCESSING, a second 
prime function of a weapon control system. 

DATA CONVERSION 

During the operation of DATA GATHERING 
and DATA PROCESSING, it may be necessary 
to convert data from one reference frame to 
another or from a particular coordinate system 
within a reference frame to a second coordinate 
system. For instance, target data obtained during 
tracking may be measured in the horizontal plane, 
and environmental data obtained may be measured 
in a stable earth plane. If the computation used 
by the computer is in the horizontal plane, 
the environmental data must undergo a process 
called DATA CONVERSION so that this data 
becomes equivalent to data measured in the 
horizontal plane. The definition of reference 
frames will be discussed later in this chapter. 

COORDINATE CONVERSION 

If the target data is measured in spherical 
(polar) coordinates, but the computation is de¬ 
termined by rectangular (cartesian) coordinates, 
then the spherical coordinate data must be trans¬ 
formed into rectangular coordinate data within 
the stabilized deck reference frame so that the 
computer may operate properly. This process 
is called COORDINATE CONVERSION. 

The fire control computer produces the pre¬ 
dicted launch angle as one of its outputs. What 
remains is for the computer to position the 
missile launcher so that the missile line of 
fire (launch) is offset from the target tracking 
line of sight by an angle equal to the prediction 
launch angle. In order for this to be accom¬ 
plished, orders must be sent to the launcher 
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directing it to a position coincident to the com¬ 
puted missile line of fire (launch) position. 
However, it must be remembered that the refer¬ 
ence plane of the launcher may not be the same 
as the one utilized at the computer. For example, 
a guided missile launcher on a cruiser is refer¬ 
enced in the deck plane. Launcher orders from 
the computer must then take into account pitch 
and roll. In other words, a further DATA CON¬ 
VERSION process which transforms the launcher 
orders from a stabilized to an unstabilized re¬ 
ference plane is required. 

MISSILE LAUNCHING CONTROL 

When the launcher is assigned to the fire 
control system, the mode of the system is auto¬ 
matically selected to coincide with the missile 
type on the launcher rails. This selection enables 
the computer to generate proper launcher orders. 
Some missile orders are supplied while the 
missile is on the launcher and some also via 
a guidance transmitter to the in-flight missile. 


FIRE CONTROL PROBLEM 

The fire control problem may be stated as 
follows: How must a missile be fired at a 
target (stationary or moving) from a ship (sta¬ 
tionary or moving) to obtain a hit on the target? 
In order to accomplish the problem’s solution, 
we have to have effective control of our missile. 
A successful solution of the missile fire control 
problem provides us with this control. 

The definition of fire control states that 
fire control is the technique of delivering effec¬ 
tive fire so as to damage or destroy a selected 
target. Since there is one basic fire control 
problem, it is logical to assume that many 
fundamental elements are common to all the 
variations of the problem. The word element 
as used here refers to a basic quantity or 
factor. Therefore much of the material in this 
chapter is common to each surface missile 
system of the Navy. Some of these common 
elements are: 

1. A line of sight which is an imaginary line 
from your ship to the target’s present position. 

2. Prediction quantities which will be used to 
predict target’s future position. 

3. A line of fire which is an imaginary line 
along which the missile will be launched. 


How these elements of the problem are acquir¬ 
ed will become obvious as we proceed through 
this chapter. 

Our basic problem can be divided into six 
fundamental sequential operations: DETECTION, 
ACQUISITION AND TRACKING, PREDICTION, 
LAUNCHER POSITIONING, GUIDANCE, and 
EVALUATION (intercept). Figure 3-1 illustrates 
the fire control problem sequence. The 3-T 
problems (including the Standard missile) can be 
broken down to the same six operational phases. 
Once again the difference lies in the solution 
technique. The Basic Point Defense fire control 
problem is similar to the 3-T problems; how¬ 
ever, the Point Defense fire control system is 
somewhat different as you will see illustrated 
later in thi6 chapter. 

TARGET DATA 

The first fundamental and necessary step in 
the problem’s solution is the gathering of all 
relative information on the problem. One of the 
most critical pieces of information that must 
be determined is that a target exists. This re¬ 
quires the use of some form of detection system. 
In today’s Navy this is accomplished by the 
search radar system which permits operation 
at extreme distances, in darkness, and during 
all types of weather. 

Having detected a target, precise positional 
information is required. This information can be 
provided by the same source which detected the 
target. Many devices, however, are incapable of 
providing both the detection facilities and the 
precise data required on specific targets. In 
these cases, a second radar system is provided 
to track specific targets. This positional informa¬ 
tion determines the line of sight to the target. 

Not only is the present position of the target 
required, but its velocity (course and speed) 
must be ascertained. 

ANCILLARY DATA 

Information other than target data is often 
equally important for missile flight path (tra¬ 
jectory) determination. Ballistic corrections re¬ 
quire such environmental data as gravitational 
force components, wind velocity, and own ship 
movement for precise calculations. The course 
and speed of the launching ship, and its sta¬ 
bilization characteristics if not correctly inte¬ 
grated into the computations, can cause severe 
deviation in missile interception trajectory. In¬ 
formation on factors other than target data is 
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Figure 3-1. — Fire control problem sequence. 


56 


Digitized by v^,ooQLe 









































Chapter 3—WEAPON CONTROL SYSTEMS 


often called ancillary or auxilary data and is 
of extreme importance to correct computation 
of interception flight paths. 


USABLE DATA 


All this information or data will be transmitted 
to the fire control computer. Usually this data 
cannot be used directly in computations. Some 
data will be received continuously, and other 
data may be received only intermittently. Certain 
data will be erratic, and fluctuations will occur 
in the quantity being measured. Some measure¬ 
ments may be taken at one spot, while others 
may be taken in another part of the ship. Be¬ 
cause of these and other problems, the raw 
data must be processed to arrive at a unified 
set of usable data. 


With usable data, the necessary calculations 
must be performed to determine the launch po¬ 
sition angle and the missile’s flight path tra¬ 
jectory. This calculation process is done by com¬ 
plex digital or analog computing devices. These 
computers simply may perform certain opera¬ 
tions to aid the Fire Control Technician, or 
(normally) they may be set up to perform all 
the necessary calculations when the required 
data is provided to them. 

FIRE CONTROL SUBSYSTEMS 

The fire control problem then is reduced to 
three separate operations listed below and illus¬ 
trated in figure 3-2: 

TRACKING 

COMPUTATION 

POSITIONING 



167.711 

Figure 3-2. — Fire control operation. 
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Detection and Tracking 

The first operation, performed by the detec¬ 
tion and tracking subsystem, detects the target 
and provides all necessary data on the target. 
The fire control radar performs this function 
by establishing a tracking line of sight (LOS) 
along which it receives the returned or reflect¬ 
ed energy from the target. Since the speed of 
light is about 186,000 miles per second, and the 
target ranges involved are relatively small, the 
time for light energy, or radio frequency (RF) 
energy, to travel to and from the target can be 
considered instantaneous, and the radar indica¬ 
tions of the target can be considered the pre¬ 
sent target positions. 

Computation 

The second operation of the fire control prob¬ 
lem that must be performed is the computation 
of the missile launcher positioning angle and 
the guided missile flight path trajectory. This 
operation consists of two parts. The data which 
is received is processed into a usable form, 
and then the arithmetic operations are performed. 
This operation is performed by the computer. 

Launcher Positioning 

The third operation that must be performed 
is the positioning of the launcher in accordance 
with the calculated prediction angle. This amounts 
to offsetting the launcher axis from the LOS by 
the amount of the prediction angle, or total 
lead angle, by means of the launcher drive 
mechanism. During in-flight guidance, a guidance 
beam operates to reposition the beam-rider 
missile during its flight, and radar reflections 
from the target operate to reposition the homing 
missile during its flight. 

Before we pursue the subject of fire control 
systems any further, let us first relate the 
information just discussed to a fundamental anti¬ 
aircraft fire control problem using a beam- 
rider missile. 

The Beam-Rider Missile AA 
Fire Control Problem 

After the search radar has located the at¬ 
tacking aircraft, the fire control tracking and 
guidance radar follows the aircraft with its RF 
energy beam. In some guided missile fire control 
systems, such as Talos, the target tracking beam 
follows the target; while the guidance beam is 


programed by the fire control computer to a 
missile-target intercept point in space. After 
the boost phase of flight, the booster case drops 
off and the sustainer ignites. The missile then 
follows or “rides” the beam to the target. 

Before the missile can follow the guidance 
beam (a narrow long range beam), it must come 
within the area of the capture beam (a wide 
short range beam). The missile is captured by 
the capture beam and manuvered to the center 
of the guidance beam. The guidance beam takes 
over to manuver the missile all the way to the 
target. In figure 3-3A you see that the “aiming 
point” crosses the beam. Corrections for the 
effects of missile trajectory (airdensity, gravity, 
wind) will deflect the trajectory so the missile 
enters the capture beam and comes under its 
control. 

The fire control missile computer continu¬ 
ously figures out where the capture beam and the 
capture point are. The computer determines the 
launcher train and elevation orders based on 
beam position, target motion, and ballistic factors. 
These orders are electrical signals which posi¬ 
tion the launcher. The missile is fired and if 
the lead angle is accurate, the missile hits the 
capture point and is captured by the beam. 
Once the beam has control of the missile, the 
missile rides the guidance beam until it inter¬ 
cepts the target (fig. 3-4). 

While figure 3-4 shows the missile flying 
straight to the target, in actual practice this is 
far from the case. The target is moving rapidly; 
the radar beam follows it, and the missile follows 
the beam. The target may change its course, 
and this may mean sharp changes in the course 
of the radar beam and the missile that rides 
it. A missile is subject to the same forces as 
a gun projectile while in flight. Corrections to 
the trajectory are calculated before the missile 
is fired, so it will have a correct start on its 
flight. 

Lead angle is made up of two corrections — 
lead due to target motion, and lead due to bal¬ 
listics. Assume that lead because of target motion 
is correct. If the missile is launched on a line 
pointed directly at the capture point, the missile 
will miss the capture point. Why? Because bal¬ 
listic corrections have not been added to launcher 
train and elevation orders. These ballistic factors 
are (1) parallax, (2) gravity, and (3) wind deflec¬ 
tion. 
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Figure 3-3. —Simplified fire control problem: A. Beam-rider capture 
phase; B. Basic Point Defense. 
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Figure 3-4. —Beam-rider missile follows the radar beam to the target. 


Basic Point Defense 
Fire Control Problem 

The Basic Point Defense fire control problem, 
figure 3-3B, depicts the geometry for tracking 
an approaching airborne target and the missile 
trajectory to target intercept. The missile line 
of fire coincides with the guided missile director 
line of sight in bearing, but is 10 degrees above 
the director in elevation (to provide an up-and- 
over trajectory of the missile to the target). 
The missile employs semiactive homing guidance 
to seek the intercept point by receiving RF energy 
which is radiated from the director and by re¬ 
ceiving reflected RF energy from the target. 

Target designation data signals conveying 
bearing and elevation coordinates are transmitted 
to the director, where they provide the director 
operator with visual target indications for target 
detection and acquisition. 

Visual target indications are used in detect¬ 
ing, acquiring (lock on), and tracking the target. 
The director radiates RF energy transmitted from 
the radar transmitter, receives RF energy re¬ 
flected from the target, and provides modulation 
(coding) signals to the transmitter. The trans¬ 
mitter provides rear, reference signals to the 
missile, allowing the missile receiver to tune to 
the fire control system frequency. When the radar 
locks on an approaching target, lock stability, 
target velocity, altitude, and range are displayed 


at the fire control panel. Director bearing (target 
bearing during track) is also displayed at the 
fire control panel. 

The missile receives orders in the form of 
prelaunch data from the fire control system and 
guided missile launching system. The prelaunch 
data are simulated Doppler, sweep select, head 
aim, and English bias. 

Simulated Doppler is transmitted to the mis¬ 
sile, providing simulated target Doppler and 
positioning the missile speedgate so that actual 
target lock on can occur in minimum time after 
enable. 

Sweep select is transmitted to the missil6, 
positioning the missile speedgate in long sweep 
or short sweep. Prior to enable and target lock 
on, long sweep is selected; after enable and 
target lock on, short sweep is selected. 

Head aim and English bias are transmitted 
to the missile, to establish an up-and-over tra¬ 
jectory. 

During the identifying, acquiring, and initial 
tracking phases of the target, the launcher is 
ready for assignment. Due to the erractic move¬ 
ment of the director, the launcher is not assigned 
to the fire control system during target search 
and acquisition; the launcher remains in the 
electrical stow position. When the launcher is 
assigned, position signals from the director are 
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transmitted to the guided missile launching sys¬ 
tem, synchronizing the launcher with the director 
position. 

When the missile receiver has tuned to the 
fire control system frequency and the missile 
speedgate has locked on the simulated Doppler, 
the missile is ready to fire. 

The final function to be performed prior 
to missile launch is the enabling of the mis¬ 
sile. The fire control system launch zone com¬ 
puter receives target data from the director and 
computes this data to determine when a target 
is within a possible high kill area. The fire 
control panel operator enables the firing cir¬ 
cuit and fires the missile. The missile in flight 
will search for the radar signal and home on the 
target (which is illuminated by RF energy from 
the fire control system) to target destruction. 

MISS PRODUCING EFFECTS 

Many factors serve to complicate the fire 
control problem. Among them are the inherent 
unpredictability of the motion of any specific 
target and the inaccuracies possible in the mis¬ 
sile flight path because of variations in the 
launcher and propulsion systems and to external 
causes such as gravity, wind, and drag. 

Parallax 

Guided missile fire control equipment is 
spread out over the ship, the launcher and the 
guidance radar are physically offset along the 
centerline of the ship and also are at different 
heights above the deck of the ship. Therefore, 
if the launcher and radar are positioned at the 
same bearing and elevation angles, the line of 
fire of the launcher will be parallel to the 
guidance beam. As you know, the amount these 
parallel lines are offset from each other is 
called parallax. To compensate for parallax, 
the launcher bearing and elevation angles are 
offset toward the guidance beam. The launcher 
line of fire intersects the guidance beam, and the 
missile trajectory will intersect the capture 
point. Time to beam capture is very short, 
about 5 seconds after launch; booster burnout 
occurs about 1 second before this. 

Figure 3-5 shows what happens if the mis¬ 
sile’s trajectory is not corrected for parallax. 
The missile trajectory and guidance beam are 
offset, and the trajectory does not intercept 
the capture point. If we launched a missile 
under these conditions, the result would be a 
missile “by the deep-six”. 


Gravity 

In figure 3-6, you can see the effect of grav¬ 
ity on the missile’s trajectory. For clarity, we 
have neglected the parallax and wind effects. 
Between launch and capture, gravity acts on the 
missile. At the instant when the missile should 
be captured by the guidance beam, it is actually 
some distance below the capture point. To com¬ 
pensate for the gravity effect, the launcher must 
be elevated so that the launcher line of fire 
intersects a point above the capture point. This 
technique used to compensate for the effect 
of gravity is called superelevation correction. 

Wind 

Figure 3-7 illustrates the effects of wind on 
the missile trajectory. Once again, other effects 
are ignored. The wind tends to blow the missile 
off course during the period between launch and 
capture. Since the missile is not guided during 
this portion of its flight, wind corrections must 
be made before launch. The fire control computer 
calculates these corrections and sends them to 
the launcher. Therefore, the launcher is offset 
from the guidance radar line of sight by an 
amount proportional to the speed of the wind, 
and in a direction opposite to that of the wind. 
Now the wind will blow the missile into the 
guidance beam at the capture point. 

The correction for wind includes not only 
true wind (atmospheric) speed and direction, 
but also apparent wind, caused by the ship’s 
movement. 

REFERENCE FRAMES 


Usually, telling where something is located 
presents us with no particular problem. From 
early childhood we have all become accustomed 
to answering “where” questions, and in ordinary 
circumstances, we find little difficulty in giving 
information that is good enough for the purpose. 

But there’s a big difference between telling 
Aunt Minnie where to find her cat and giving 
the kind of position information necessary to 
pinpoint and destroy an enemy aircraft in our 
atmosphere. In fire control, the problem of exact 
definition of position is of prime importance. 

To better understand the description of re¬ 
ference frames, we will first take a look at the 
symbols used to describe fire control quantities 
necessary to solve the fire control problem. 
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Figure 3-5.—Effect of parallax on a guided missile’s trajectory 

(flight path) during boost. 
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Figure 3-6. — The effect of gravity on a missile’s flight path during 

the boost phase. 


83.8 


62 


Digitized by L^OOQLe 





Chapter 3—WEAPON CONTROL SYSTEMS 









FIRE CONTROL TECHNICIAN (M) 3 & 2 


Table 3-1. — Basic symbols and modifiers 


BASIC SYMBOLS 


BASIC SYMBOL MODIFIERS 


Symbol 




Eim 


Bearing of LSM 


Bearing of LMT 


Course of target from 
own ship 


Course of missile from 
own ship 


Course of target from 
missile 


Rate of 


Elevation of LOS 


Elevation of LSM 


Elevation of LMT 


Level from LOS 


Level from LSM 


Modifier 





Apparent or 
athwarthship 


Bearing 



Computed 


Elevation 


Flight 


Launcher 


Horizontal 
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Nutation al 


Own ship 


Prediction 


Heading 


Range 
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Table 3-1. —Basic symbols and modifiers — Continued 


BASIC SYMBOLS BASIC SYMBOL MODIFIERS 


Symbol 

Name 

mEi 

Level from LMT 

F 

Missile offset angle 

G 

Gyro angle 

mG 

Crossing angle 

H 


1 

Angle of inclination 

ml 

Angle of missile inclina¬ 
tion. 

K 

Arbitrary constant 

L 

Sight deflection from LOS 

Lm 

Sight deflection from 
LSM. 

M 

Linear movement 

mM 

Relative guidance dis¬ 
placement. 

L___ 

Launcher parallax base 
length. 

Lj*" I 

Guidance radar parallax 
base length. 

Imj/l 

Tracking radar parallax 
base length. 

H&i 

Radar phasing order 


Modifier 

Name 

t 

Target 

U 


V 

Vertical 

w 

Wind 

X 

East-West 

y 

North-South 

z 

Cross level 

• 

Prime 

It 

Double Prime 

1 

Order 

2 

Future position 

3 

Launching Position 

4 

Aiming position 

5 

Fuze 

6 

Capture position 

( 0 ) 

Double parentheses 
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Table 3-1. — Basic symbols and modifiers — 
Continued 


BASIC SYMBOLS 

Symbol 

Name 

R 

Range along LOS 

Rm 

Range along LSM 

mR 

Range along LMT 

s 


T 

Time 

U 

Speed 

V 

Sight angle from LOS 

Vm 

Sight angle from LSM 

W 

Wind rate 

Z 

Cross level about LOS 

Zm 

Cross level about LSM 

mZ 

Cross level about LMT 


* LINE OF SIGHT (SHIP TO TARGET) 

* * LINE OF SIGHT (SHIP TO MISSILE) 

+ LINE OF SIGHT (MISSILE TO TARGET) 


to various positions and accounting for various 
affects are symbolized. Also, in the expression 
of rates, the frame of measurement of the rate 
is indicated. These quantity modifiers (table 3-2) 
are applied by enclosing the symbols for the geo¬ 
metrical quantities in parentheses and preceding 
or following the parentheses with the quantity 
modifiers. In general, when the modifier precedes 
the parentheses, it defines the correction to the 
basic quantity due to the effects of the modifier. 
If the modifier follows the parentheses, it defines 
the basic quantity corrected for the effects of 
the modifier. 

Symbol Construction 

A few examples of symbol construction will 
give us a better understanding of how the system 
works. 


Example 1 

D = Rate of 

M = Linear movement 

b = bearing 

DMb = Rate of linear movement in bearing 


Example 2 

B = Bearing 
y = North/ south 

By = True bearing (measured to north/ 
south axis) 

Example 3 

R = Range 
h = horizontal 
x = East/west 

Rhx = Horizontal range along an east/ 
west axis. 


Target’s Present Position 


A target’s position can only be described by 
relating it to a known reference point, for posi¬ 
tion is a relative quantity. We describe a loca¬ 
tion by measuring its direction and distance from 
a point known to us. (Try to describe any loca¬ 
tion, say the director or plotting room, without 
a known starting or reference point.) 

The need for a reference or starting point to 
describe target’s position is obvious. It can also 
be seen that a system of measuring direction and 
distance from that reference point is needed. The 
reference point is contained in a frame of refer¬ 
ence. The systems of measuring from the refer¬ 
ence point are called “coordinate” systems. 
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Table 3-2.—Quantity modifiers 


QUANTITY MODIFIERS 


Modifier 

Name 

a 


b 

Ballistic 

c 

Computed, generated, 
or smoothed 

d 

Designated 

e 

Error 

f 

Function 

9 

Dead time 

h 

Missile 

■ 

i 

Increment 

■ 

J 

Computational addi¬ 
tion or partial 

k 

Earth 

i 

Initial 

m 

Relative motion 

mg 

Crossing angle 

n 



Modifier 

Name 

o 

Observed or measured 

p 

Launcher parallax 

pm 

Guidance beam paral¬ 
lax 

P* 

Tracking director par¬ 
allax 

q 

Corrective input, spot, 
or bias 

r 

Rotational 

s 

Selected 

t 

Translational 

u 

Unclear 

V 


w 

Wind 

X 


y 


z 
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Frame of Reference 

A frame of reference is a system of lines, 
angles, and planes within which we can measure 
a target’s present position. Each frame of re¬ 
ference has a point from which all measurements 
are made. This point is called the reference 
point or the origin. A baseball field can serve 
to show what we mean by frame of reference. 
The playing field is established from home plate 
by the foul lines. The game takes place within 
these lines. All measurements are made from 
home plate, the reference point. The importance 
of the location of the reference point is apparent, 
since everything is related to it. 

There are four frames of reference used in 
naval fire control. Each is determined by the 
method used to establish the reference point. 
The reference point is normally located within 
own ship or the destructive package. (Examples 
of the term “destructive package” as used here 
are missile and torpedo.) The advantage in this 
location is that all measurements are therefore 
made with respect to own ship or the missile. 

The four frames of reference are coordinate 
systems rigidly attached to (1) own ship, (2) the 
earth, (3) the missile, or (4) inertial space. A 
fire control system may use any one of these 
frames, or possibly a combination of them. The 
frame being used can be recognized by the 
reference point’s location and how it was estab¬ 
lished. 

The frame of reference, RIGIDLY ATTACHED 
TO OWN SHIP, has a reference point which is 
built into the weapon system. The system is 
unstabilized. All measurements of target’s pre¬ 
sent position are made from the reference point 
located in the deck plane. The deck plane moves 
in all directions with own ship. 

The EARTH frame of reference is considered 
attached to the surface of the earth and rotates 
with the earth. The reference point is contained 
in the horizontal plane, which is independent of 
ship’s roll and pitch. The horizontal plane is 
established by a gravity-seeking device (stable 
element) within own ship or the missile. The 
fire control systems using this frame of refer¬ 
ence can be either fully or partially stabilized. 

In a system fully stabilized all measurements 
of the target’s position are made with respect 
to the horizontal and vertical planes. In a par¬ 
tially stabilized system only a section of the sys¬ 
tem is stabilized. The stabilized section, nor¬ 
mally the computer, measures target’s position 
with respect to the horizontal and vertical planes. 


In the other sections of the weapon system (di¬ 
rector, weapon launcher) the reference point, 
located in the deck plane, moves with the ship 
in all directions. Each of the 3-T missile fire 
control systems is an example of a partially 
stabilized system. 

The frame of reference, RIGIDLY ATTACHED 
TO THE MISSILE, has a reference point built 
into, and moving with, the missile. The missile’s 
reference planes containing the reference point 
are orientated to own ship’s reference planes 
when the source of guidance is located in own 
ship. When the source of guidance is contained 
in the missile, its reference planes are oriented 
to the earth or to an inertial space frame. 
Missile and torpedo systems, for example, may 
use this frame of reference. 

The INERTIAL SPACE frame of reference 
is considered independent of earth’s motion and 
to have a constant velocity with respect to a 
“fixed star” —for example, Polaris. The refer¬ 
ence point is considered to be at the center of 
the earth and therefore nonrotating. This re¬ 
ference point can be established aboard ship or 
in the missile if an inertial device (such as a 
free gyro) is used. The inertial space refer¬ 
ence is used when the time of flight is long 
and the effects of earth’s rotation must be con¬ 
sidered. 

The earth frame can be considered inertial 
for short times of flight, since the error caused 
by earth’s rotation is so small it can be ignored. 

As a FTM, you will be primarily concerned 
with the first three frames of reference. 

COORDINATE SYSTEMS 

The target’s present position is located in a 
frame of reference by a coordinate system. The 
coordinate system measures the target’s dis¬ 
tance and direction from the reference point. A 
coordinate system gives a graphic representa¬ 
tion of the target’s present position. 

We can define a coordinate here as a number 
representing the length of a line that has a known 
direction relative to a reference axis. To locate 
a point in a plane requires two coordinates. Each 
coordinate represents a dimension. As an ex¬ 
ample, own ship’s location can be determined by 
the coordinates of latitude and longitude (fig. 
3-8). It would follow then that a surface target’s 
location from own ship can be determined by 
two dimensions. In this case both own ship and 
the target are in the same plane. 

There are two basic coordinate systems used 
to locate a point in a plane: (l) the rectangular 
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NORTH LONGITUDE 



0 

80UTH 


Figure 3-8.— Earth’s coordinates (latitude and longitude). 


55.128 


or Cartesian coordinate system, which uses two 
linear coordinates; and (2) the polar coordinate 
system which uses one angular and one linear 
coordinate. 

Rectangular Coordinate System 

The rectangular coordinate system uses a 
frame of reference similar to that shown in 
figure 3-9. The two lines, X and Y, intersect at 
right angles. The horizontal line is usually 
labeled X and called the X axis. The vertical 
line is usually labeled Y and called the Y axis. 
The point where the X and Y axes intersect is 
called the origin, and labeled with the letter 
O. The origin is, of course, our old friend, the 
reference point. 

The origin is the starting point for measur¬ 
ing along both axes. To the right of the origin, 
numbers on the X axis are positive and to the left 
they are negative. The numbers along the Y axis 
above the origin are positive; below the origin 
they are negative. 

A point anywhere in the plane of the graph 
may be located by two numbers. One number 
shows the distance of the point from the origin 
along the X axis. The other number shows the 
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Figure 3-9. — Rectangular coordinate system. 
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distance of the point from the origin along the 
Y axis. Thus, point P in figure 3-9 is 6 units 
to the right of the origin along the X axis and 
3 units above the origin along the Y axis. When 
we write the coordinates, the X coordinate is 
always written first. The coordinates for point 
P would be written: P(6,3). 


QUADRANTS. —The X and Y axis divide the 
graph into four parts called quadrants. In figure 
3-9, point P is in the first quadrant; point S is 
in the second quadrant; point G is in the third 
quadrant; and point Q is in the fourth quadrant. 
In the first and fourth quadrants, theXcoordinate 
is positive, because it is to the right of the 
origin. In the second and third quadrants, the X 
coordinate is negative, because it is to the left of 
the origin. The Y coordinate is positive in the 
first and second quadrants, being above the origin, 
and negative in the third and fourth quadrants, 
being below the origin. The signs of the coordi¬ 
nates in the quadrants are shown in the figure. 

Locating points with respect to axes is called 
“plotting the points.” As shown with point P 
(fig. 3-9), plotting a point is equivalent to com¬ 
pleting a rectangle. This is the reason for the 
name rectangular coordinate system. 


Polar Coordinate System 


The polar coordinate system is developed on 
a frame of reference similar to the rectangular 
coordinate system. The two lines, X and Y (fig. 
3-10) intersect at right angles. The origin, 
labeled with the letter O, is at the point of inter¬ 
section. The origin is the axis, or pole, around 
which the angular coordinate revolves. 

A point anywhere in the plane of the graph can 
be located with two coordinates. The linear co¬ 
ordinate is the distance of the point from the 
origin. This distance is called the radius and is 
usually symbolized by the letter r. Since r de¬ 
notes distance (range) and not direction, it is 
always positive. 

Normally, the angular coordinate is measured 
from the X axis to the right of the origin. The 
angle increases as it is rotated counterclockwise. 
In fire control, however, we know that the angle 
(bearing) is measured from the Y axis. Also 
the angle increases as it is rotated in a clock¬ 
wise direction. This is done for convenience, and, 


Y 



conventionally, bearing is measured clockwise. 
The principles of the polar coordinate system 
remain the same. We simply have reversed the 
direction of rotation and shifted the axis 90 
degrees. 

In describing the location of.a point, the co¬ 
ordinates are placed within parentheses. The 
linear value is always written first. The coor¬ 
dinates of point P (fig. 3-10) are written: P(5, 
53°). Thus, point P is five units from the origin 
along a line that forms an angle of 53° with the 
X axis. 

Three-Dimensional Coordinate System 

Until now we have assumed the target would 
be in the same plane as own ship. If a target 
is not on the surface of the earth, three dimen¬ 
sions are required to describe its position. 

To locate a point not in the reference plane, 
the point’s deviation from the reference plane 
must be described. The deviation is its height 
measured from the reference plane. The devia¬ 
tion can be described by either an angular (eleva¬ 
tion) or linear (altitude) value. 
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Figure 3-11.—Three-dimensional polar coordi¬ 
nate system. 

When the angle of elevation is used (fig. 3-11), 
the angle is measured at the origin. One side of 
the elevation angle is in the reference plane. The 
other side, the line R, connecting the origin with 
the target, is in a slant plane. 

The line, Rv, establishes point P in the re¬ 
ference plane. Rv is constructed perpendicular 
to the reference plane; thus point P is directly 
beneath the target. The polar coordinate, Rh, 
and the bearing angle, 0, describe the position 
of point P in the Reference plane. The third 
coordinate, describing target’s position with re¬ 
spect to the reference plane, is the measured 
angle of target’s elevation (E). 

The linear value of target’s altitude, Rv, can 
be computed from the right triangle (R, Rh, Rv) 
in figure 3-11. The distance (R) of the target 
from the origin and the angle of elevation are 
measured. The linear value of Rv can be found 
by the formula 

Rv = sin E x R 

The distance from the origin to point P in the 
reference plane can be found by the formula 

Rh = cos E x R 

The position of the target in figure 3-12 can 
be described by three coordinates. We first 
establish point P in the reference plane, directly 
beneath the target. The position of point P can 


be described by the rectangular coordinate (Rhx, 
Rhy). The altitude, Rv, is the third coordinate 
used to describe target’s position. The altitude 
is measured along an axis perpendicular to the 
reference plane. This axis is usually labeled with 
the letter Z, and called the Z axis. 

TRANSMISSION OF COORDINATES 

Normally targets are detected by the ship’s 
search radar. Target’s position information is 
then transmitted to the fire control system by a 
coordinate system. Frequently the coordinate 
system used by the search radar must be con¬ 
verted to the one used by the fire control system. 
Sometimes the coordinates must be modified to 
compensate for the distance between stations 
aboard ship. 

Coordinate Conversion 

The coordinate system serves merely as a 
convenient device to describe the location of a 
target. The location of a target does not change 
when we employ a different coordinate system 
to describe it. In figure 3-13 we have located a 
point in each quadrant. Both rectangular and polar 
coordinate are given for each point’s location. 
This is possible since both systems have the same 
frame of reference. When a point is plotted by 
one coordinate system, the other coordinate sys¬ 
tem’s coordinates may be measured. This is a 


z 


i 
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Figure 3-12. — Three-dimensional rectangular 
coordinate system. 
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Figure 3-13.—Location of points by rectangular 
and polar coordinate system. 

graphic method of conversion. There are for¬ 
mulas that will convert coordinates, but we will 
not go into them here. 

Translation of Axes 

A coordinate system provides the information 
describing target’s position in a form that can 
easily be transmitted. As you know, the coordi¬ 
nates are measured with respect to a reference 
point. When the station receiving the target's 
position information has its own reference point, 
the relationship between the two reference points 
must be established. If the distance between the 
reference points is measured by linear values, 
it is called translation of axes. Translation of 
axes is shown in figure 3-14. 

In the example shown, the origin, O, is 3 units 
to the right along the X’ axis and 4 units along 
the Y’ axis above the origin O'. Therefore, the 
coordinates of O with respect to the origin O', 
are (3,4). The location of the target, with re¬ 
spect to the O origin, is established by the co¬ 
ordinates (4,5). The location of the target, with 
respect to the O' origin, is the summation of the 
coordinates between the origins and the target's 
coordinates with respect to O origin. In this 
example, the target's coordinates, with respect 
to origin O’, are (7,9). 

Rotation of Axes 

When the frame of reference is transformed 
angularly, as shown in figure 3-15, it is called 
rotation of axes. The axes rotate about the origin. 


Therefore the range to the target (r) remains con 
stant. The target's angular coordinate from th< 
rotated axes (X 1 , Y’) is the summation of th< 
angular coordinate from the X and Y axes an< 
the amount of rotation of the axes. When toot] 
translation and rotation are performed, a combi¬ 
nation of both procedures is necessary. 

FIRE CONTROL COORDINATE 
SYSTEMS 

There are many variations of the polar anc 
rectangular coordinate systems. The type oi 
coordinate system used depends on the informa¬ 
tion available and the ease of mechanizing that 
information. In fire control, two types of polax 
and one type of rectangular coordinate system 
are employed. 

The SPHERICAL coordinate system (fig. 3-16) 
is a polar coordinate system. The ship is in the 
center of an imaginary sphere, whose radius is 
equal to range. The coordinates used to express 
target's position are: 

1. Bearing angle (B) measured from own 
ship’s centerline. * 

2. Elevation angle (E) measured from the 
reference plane. 

3. Range (R) measured along the line of sight. 



Figure 3-14.—Translation of reference frame. 
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55.136 

Figure 3-16. —Target position in spherical co- 
! ordinates. 

The CYLINDRICAL coordinate system (fig. 
3-17) is also a polar coordinate system. The 
ship is in the center of an imaginary cylinder 
whose radius is equal to horizontal range. The 
* height of the cylinder is equal to vertical range. 


The coordinates used to express target’s posi¬ 
tion are: 

1. Bearing angle (B) measured from own 
ship’s centerline. 

2. Horizontal (or deck) range component (Rh) 
measured in reference plane. 

3. Vertical (or normal) range component (Rv) 
measured perpendicular to the reference plane. 

The CARTESIAN coordinate system (fig. 3-18) 
is a rectangular coordinate system. The quantities 
used to express target’s position are: 

1. Horizontal range component in the east/ 
west axis (Rhx). 

2. Horizontal range component in the north/ 
south axis (Rhy). 

3. Vertical range component (Rv) measured 
perpendicular to the reference plane. 

In each coordinate system the geometrical 
quantities of range, bearing, and elevation de¬ 
scribe target’s position. Any one of the three 



ordinates. 
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Figure 3-18. — Target position in cartesian co¬ 
ordinates. 

coordinate systems can be used with any one of 
the four frames of reference. In all cases the 
reference point is contained within own ship or 
the guided missile. 


DETECTION 

TRUE BEARING AND SLANT RANGE 

In our representative weapon system, you 
found that the principal indicator for representing 
the target’s position is a PPI from which you 
can determine true bearing. By, and slant range, 
R. 

Figure 3-19 shows how true bearing and 
slant range can be determined on a PPI. True 
bearing is determined by marking target position 
relative to the bearing marks around the indicator 
(scope) face. Slant range is arrived at by measur¬ 
ing the distance the target is from the point of 
origin (the point where the north/south axis and 
the east/west axis intersect). These determina¬ 
tions can be made by visual or electronic means. 


As you can see from an examination of figure 
3-19, target’s rectangular coordinates can also b€ 
determined. The north/south and east/west axes 
correspond, respectively, to the Y and X axes 
of the previously presented example. Quantities 
measured in or to the north/south axis will lx 
indicated as such by the modifier, y. Quantities 
measured in or to the east/west axis will be 
indicated as such by the modifier, x. Targel 
rectangular coordinates, also can be determined 
visually or electronically. 

The indicator just discussed may appear to be 
a graphical representation of the earth’s surface. 
We, however, are aware of the fact that elevated 
targets can be detected and displayed on a PPL 
This means that we have to determine the target’s 
height or elevation to establish the position oi 
an air target. 

ELEVATION 

The remaining dimension necessary to locate 
completely an object in space can be expressed 
either as an angle of elevation or an altitude. 
If one is known, the other can be calculated. A 
method of determining the angle of elevation oi 
the altitude is shown in figure 3-20. The slant 
range (fig. 3-20,A) is obtained from the radar 
scope indication as the range to the target. The 
angle of elevation is that of the radar antenna 
(fig. 3-20,B). The altitude is equal to the slant 
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Figure 3-19. —PPI representation of By and R. 
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Figure 3-20.—A. Slant range; B. Angle of ele¬ 
vation; C. Targets present position. 


range multiplied by the sine of the angle of 
elevation. 

In radar equipments with antennas that may 
be elevated, altitude determination by slant range 
is automatically computed electronically. 

Modern height-finding radars (3 dimensional 
radars providing range, bearing, and elevation 
data) utilize this principle to provide WDE with 
an electrical signal which is proportional to 
either target elevation (E) or target height 
(Rv). As stated in Basic Electronics , if either 
quantity is known along with slant range, the 
other can be determined. We’ll use target ele¬ 
vation (E) for our problem. 

Prior to designation of the elevation data, a 
determination is made as to whether the eleva¬ 
tion data is reliable or not. This would depend 
upon the source of the elevation data and operating 
conditions. For our purposes, we’ll assume that 
elevation data is reliable. 

We now have true bearing, By, elevation, E, 
and range, R (fig. 3-20C). These earth oriented 
coordinates define target’s present position. (Re¬ 
fer to OP 1700, Volumes 1 and 3 for exact 
definitions of the quantities and how they are 
measured.) 


INFORMATION GATHERING 

In fire control problems, we are required to 
find out first that a target does exist. Informa¬ 
tion is needed on the target, its characteristics, 
and the threat it poses so that a decision can 
be made as to which weapon system should be 
used to destroy the target. When a weapon system 
begins its task, it requires the location of the pre¬ 
sent line of sight. It must be supplied also with 
sufficient information on the target and own ship 
to determine the launcher positioning angle, 
missile-guidance beam capture point, and missile 
flight path (trajectory) information. Information 
gathering procedures are subdivided into target 
detection, target tracking, and methods of collect¬ 
ing ancillary data, figure 3-2i. 

DETECTION 

The operation of the detection system initially 
becomes the target position, which is governed 
by the individual capabilities of the search radars. 

An associated subsystem, the search radars, 
while not an actual part of the missile system, 
is essential to both Naval Tactical Data System 
(NTDS) and missile system operation (figure 
3-22). 
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Figure 3-21.—Information gathering. 


A description of the Naval Tactical Data Sys¬ 
tem is also presented. Assistance in accomplish¬ 
ing effective weapons control on SMS ships is 
provided by NTDS, which relies heavily on the 
various ship sensors and search radars, when 
performing this function. 


Three-Coordinate Radars 


Three-coordinate radars (AN/SPS-39, AN/ 
SPS-48, and AN/SPS-52) are the primary source 
of air target information for the weapon system. 
These radars provide air search data consisting 
of range, bearing, and elevation angle to the 
weapon direction system. The air search data and 
synchronized Identification-Friend-or-Foe (IFF) 


interrogation information are displayed on opera¬ 
tor consoles in the Weapon Direction System and 
Combat Information Center (WDS/CIC) area for 
target engagement evaluation. Electronic Coun¬ 
ter-Countermeasures (ECCM) features, con¬ 
trolled at the radar, improve the display when 
jamming environments are encountered. 

Two-Coordinate Radars 

An alternate source of air target information 
for the weapon system, two-coordinate radars are 
the primary means for the detection of long 
range air targets. These radars (AN/SPS-29, 
AN/SPS-37, AN/SPS-40, and AN/SPS-43) provide 
range and bearing coverage and IFF capabilities 
similar to those of the three-coordinate radars, 
but do not furnish elevation information. 

Navigation Radar 

Radar Set AN/SPS-10 is a short-range, two- 
coordinate, unstabilized fan-beam radar capable 
of good discrimination in range and bearing for 
surface search surveillance and low flying air¬ 
craft. 

Naval Tactical Data System/ 

Weapon Direction System 

NTDS is a high-speed, digital-data processing, 
display, communication, and data conversion sys¬ 
tem that provides tactical data used for effective 
fleetwide defense against all types of enemy 
targets. The NTDS coordinates collection of tac¬ 
tical data from sources both internal and exter¬ 
nal to own ship. Own-ship data inputs to NTDS 
are received primarily from search radars, IFF 
equipment, electronic warfare (EW) equipment, 
sonar, and navigation and communications equip¬ 
ment. These data inputs are supported by inputs 
received from other ships, aircraft, and shore 
stations via data links. The NTDS correlates this 
data for a clear representation of the tactical 
situation, processes the data as required to aid 
in the decision-making process, and communi¬ 
cates all action decisions to WDS. 

The WDS enables centralized control and 
monitoring of target engagements assigned to the 
missile fire control system. The WDS is used to 
initially evaluate targets, assign the targets to 
the missile fire control system, select the mis¬ 
sile type and number to engage the targets, and 
evaluate the engagement results. Some weapon 
direction systems also have the alternate capa¬ 
bility of entering and tracking targets. WDS 
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Figure 3-22 0 — Search radars 0 
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ancillary equipment provides control of the mis- control of missile warmup, and a means of re¬ 
sile fire control systems, designation of optically commending changes to the ship’s course to pro- 
tracked targets, and firing of missiles. In addi- vide an unobstructed firing zone, 
tion, the WDS ancillary equipment also provides 

indications of missile fire control system radar DATA PROCESSING GROUP.—The data pro¬ 
director train angles, missile fire control sys- cessing group includes the computers and asso- 
tem tracking status,occurrence of missile flight, ciated equipment necessary to receive, evaluate, 
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and transmit tactical data. Information from the 
data processing equipment is routed to the data 
display equipment and designated to the missile 
fire control system. Tactical data are also dis¬ 
tributed to the digital data radio links. 

A general-purpose digital-computer Format 
Control Unit (FCU), sometimes called the Con¬ 
trol Format Unit (CFTJ), provides digital pro¬ 
cessing techniques. This unit assumes the burden 
of routing the processing of ship motion data 
and weapons control data, thereby freeing storage 
space in the NTDS unit computers. A weapon 
control panel group provides indicators for moni¬ 
toring data flow between the NTDS computer and 
fire control and launching systems. The weapon 
control panel also provides switches for operat¬ 
ing personnel to use to control the fire control 
and launching systems and to fire missiles in 
accordance with tactical requirements and com¬ 
puter recommendations. 

DATA DISPLAY GROUP.—The data display 
group is the primary means for displaying tar¬ 
gets and communicating tactical data to the 
NTDS computer. 


The Plan Position Indicator (PPI) display 
consoles accept, process, and display radar data 
from a shipboard or Airborne Early Warning 
(AEW) radar, sonar data from own-ship sonar, 
and computer track data from the unit computer. 
The PPI display consoles utilize input data that 
presents to the operator a continuous display ol 
the tactical situation. Controls on the PPI dis¬ 
play consoles permit the operator to enter tac¬ 
tical data and decisions into the unit computer, 
thus making the information available to other 
display consoles in the data display group. In 
addition, ECM and EC CM operations are moni¬ 
tored and coordinated to minimize the effects 
of jamming and other forms of interference. 

Height/size video display consoles are used to 
measure target height and to analyze raid size. 

DATA TRANSMISSION EQUIPMENT.—Radio 
transmission equipment provides an automatic, 
high-speed computer-to-computer digital com¬ 
munications link (Link 11) between NTDS ships, 
and between NTDS ships and Airborne Tactical 
Data System (ATDS) stations or Marine Tactical 
Data System (MTDS) stations. 



Figure 3-23. —Typical TARTAR weapon system block diagram. 
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/ The Link 4A Digital Data Communications 
-Control System is a fully automatic, high-speed 
'(lata transmission system used in aircraft con¬ 
trol. This system is used for (1) transmitting 
interceptor vectoring data, commands, and data 
pertaining to the aircraft target or designation; 
and (2) receiving messages concerning the air¬ 
craft heading, altitude, air speed, and tactical 
readiness. 

Link 14 transmits, semiautomatically, com¬ 
puter-controlled target data from NTDS ships to 
non-NTDS ships via conventional radio-teletype 
equipment. 

For a basic block diagram of a typical TARTAR 
and TALOS weapon system see figures 3-23 and 
S-24 respectively. The TERRIER weapon system 
is fundamentally similar to the TARTAR block 
diagram. 


TRACKING 

The process of maintaining a line from the 
fire control angular tracking radar set in coin¬ 
cidence with the RF reflected energy from the 
target is called tracking, an example of which 
is shown in figure 3-25. 

For a fire control system to implement the 
solution to the fire control problem, it must 
receive information on target position (range, 
bearing, and elevation), and target motion. This 
information is the principal input to any guided 
missile fire control system. 

The Director or Radar Set 

The director or radar set can search for, 
detect, acquire, and track a target; and it can 
in one radar control system, “capture” and 
guide a missile. Let’s stop and consider the 



Figure 3-24. — Typical TALOS weapon system block diagram., 
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A SCOPE C-SCOPE 



TARGET TRACKED IN CONICAL 
SCAN 
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Figure 3-25. — Radar tracking. 


terms “director” and “radar set.” A director 
may contain a radar and/or optics for tracking 
and ranging, and it is usually manned. A missile 
director has no optical tracking device or range¬ 
finder but relies on its radar set for tracking. 
It is not manned in the sense that a man is locat¬ 
ed inside the antenna supporting structure. True, 
there is an operator in the radar control room; 
but his primary function is to monitor the equip¬ 
ment. In the rest of this discussion we will use 
the term “radar set,” rather than director, 
because that name is more descriptive of the 
function of a missile director. 

The radar set described here is an auto¬ 
matic target tracking and missile guidance radar. 
It normally receives target designation signals 
from the weapon direction equipment, via the 
fire control computer. The designation signals 
position the radar set at the designated range, 
bearing, and elevation. If the radar set does not 


acquire the target immediately the fire control 
computer originates a search program for the' 
radar set to seek out the target. If the ship 
has more than one fire control system, designa¬ 
tion between systems is possible. Designation 
from another fire control system, called “Inter- 
Director Designation” or “IDD”, is accurate 
and a search program is not needed. 

When the radar set acquires the target in 
range, bearing, and elevation the radar set 
locks on the target and starts to track it. Track¬ 
ing circuits within the radar set automatically 
keep its tracking beam on the target. Target 
position is continuously transmitted to the com¬ 
puter. The computer and the radar set working 
together solve for the target’s rate of move¬ 
ment about the ship by calculations based on 
the line of sight movements. 

The radar not only tracks the target, but 
also transmits radar beams to control the mis¬ 
sile and guide it to the target. In the case of the 
one radar beam-rider missile the radar set 
will transmit simultaneously, on a common nu¬ 
tation axis, three distinct beams —the tracking, 
capture, and guidance beams. A narrow tracking 
beam first acquires and tracks the target. The 
wideangle beam captures the missile after launch, 
and holds it until it enters the narrow guidance 
beam that guides it to the target. 

Where a semiactive homing missile is used, 
the radar set will transmit simultaneously, on a 
common nutation axis, a tracking beam, and an 
illuminating beam. After the missile is launched 
it will lock on to the illuminating radar’s energy 
reflected from the target, and home on it. If a 
missile whose guidance is a combination of 
beam-rider and semiactive homing is launched, 
the radar set will transmit a tracking beam and 
a beam-riding guidance beam, and later switch on 
an illumination beam. 

The radar set consists of two major groups 
of equipment: an antenna group, and a control 
and power group. The antenna group, which is 
located above deck, consists of a pedestal (bar¬ 
bette) upon which is mounted the antenna and 
the necessary electrical and mechanical com¬ 
ponents required to stabilize and position the 
antenna. Housed inside the mechanical structure 
of the antenna group are the transmitting, re¬ 
ceiving, and associated microwave circuits. Here, 
too, are located the gyroscopes that space- 
stabilize the antenna, and thus the radar beams, 
to compensate for the roll and pitch of the ship. 
You will study these gyroscopes in chapter 10. 

The control and power equipment group is 
located below decks in a compartment usually 
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called the radar room. This room contains 
the radar consoles used to operate, monitor, 
and control the radar set. Also located in the 
radar room are the cabinets containing the 
power supplies that provide the operating volt¬ 
ages for the various units in the radar set. 

Tracking From a Moving Ship 

Movements and rotations of the launching ship 
are a basic source of tracking interference. 
These motions, such as pitch, roll, and yaw 
(rig. 3-26), are not part of the actual fire con¬ 
trol problem; nonetheless, they almost always 


occur in a fire control situation. Since these 
motions do occur but are not a part of the 
fire control problem, it is necessary to com¬ 
pensate for them in some way other than as 
part of the computation. This compensation is 
usually provided by stable elements, such as 
the gyroscope, so that the motion interferences 
are removed from the input data to the fire 
control computer. 

The gyroscope maintains a direction that 
remains fixed in space in the presence of mo¬ 
tion, and yet can be changed in response to a 
command signal. 


,u 



Figure 3-26.—Roll and pitch. 
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With all ships subject to motions of pitch, 
roll, and yaw, and tracking high speed targets, 
the apparent motion of the target would be quite 
high. 

As an aid in understanding the operation of 
gyros in a tracking loop, a simple tracking 
loop which can track a target in a vertical 
plane will be analyzed. As mentioned before, 
the basic theory of operation of gyros will be 
described in chapter 10. 

An illustrative single-degree-of-freedom gyro 
is shown in figure 3-27. When this gyro is used 
in a tracking loop, the configuration that results 
is similar to this figure. 

The radar antenna is the device which re¬ 
ceives the RF energy reflected from the target. 
When the target and ship are relatively (in terms 
of bearing and elevation) motionless, the system 
is at rest. The radar RF tracking axis will be 
nulled with the line of sight to the target, and 
therefore the antenna positioning signals from 
the tracking error circuits will be zero. The 
gyro will remain fixed with reference to space, 
and the signals to the antenna drive system 
will be zero. But, if the ship were to pitch 
downward, the antenna, being mounted on the 
ship, would tend to move downward also. This 
provides a rotational velocity of the gyro case 
which causes the gyro to precess at a rate 
proportional to the downward pitching motion. 
The precession is detected by a signal generator, 
the output of which activates the antenna drive 
system to move the antenna upward at the rate 
equal to the downward pitching motion. In this 
manner, the antenna is maintained stabilized 
with respect to space as represented by the 
position of the gyroscope. 

When the target moves, the line of sight 
to the target will be displaced from the RF 
tracking axis as indicated by the antenna posi¬ 
tion. The tracking error detection circuits will 
produce correction signals to drive the torque 
motor. The action of the torque motor will have 
two effects. First, it will cause the signal gen¬ 
erator to produce a signal causing the antenna 
to move to follow the target, and consequently, 
causing the RF tracking axis to follow the line 
of sight to the target. Second, it will cause the 
gyro to reposition itself with respect to space, 
that is, to reposition the RF tracking axis which 
is always driven to correspond with the gyro 
position in space. 


TORQUE / OUTPUT 

GENERATOR / AXIS 
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Figure 3-27. —Single-degree-of-freedom gyro. 

Special conditions which cause problems are 
the tracking of low angle targets in which re¬ 
flections from the sea, as illustrated in figure 
3-28, cause varying results. If a target is large, 
such as a surface ship, the tracking radar maj 
not lock on to any one part of the target, bul 
may receive strong signals alternately from the 
bow, the mast, or other area of the target 
This causes the radar set to indicate a motior 
of the target where none exists. 

DATA PROCESSING 

The basic functions of the fire control com¬ 
puter are the computations of: lead angle ane 
launcher orders, radar repeat back circuits, anc 
in some cases, guidance transmitter positioninf 
orders. In the beam rider missile system th« 
computer must also “program ,, f or continu¬ 
ously reposition, the guidance transmitter. Thi« 
positions the guidance beam to an interoep' 
point with the target, thereby causing the mis¬ 
sile to collide with the target. The inputs t< 
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Figure 3-28. —Tracking problem - low angle target. 
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the computer are comprised of the target posi¬ 
tional data from the tracking radar, the required 
ballistic and environmental data, and positional 
data concerning the ship itself. 

For simplification and accuracy of operation 
the computations must be performed in some 
reference frame which has been selected to 
permit a simplified solution to the fire control 
problem. Data received by the fire control com¬ 
puter is rarely measured in the reference frame 
and coordinate system which are used for com¬ 
putation. Because different frames and systems 
are used, the input data, particularly the track¬ 
ing data, must be converted to the frame in 
which the data will be employed. When the pre¬ 
diction angle is determined, it must then be 
converted to the frame in which the missile 
launcher operates. One of the major functions 
of the computer, then, simply is to convert the 
data to useful forms. 

COMPUTER SUBSYSTEM 

As its input, the computer (fig. 3-29) receives 
jJJie target position from the tracking radar and 
the necessary ancillary data. The position of 
the tracking radar is compared with and main¬ 
tained coincident with the line of sight of the 
target (RF axis) by the tracking system. From 
the input data, the computer generates the inter¬ 
cept point and the computed position of the 
launcher. The launcher drive system then drives 
in response to the signal, until the launcher 
position and the computed launcher position are 
coincident. 

TYPES OF COMPUTERS 

A computer is a device or a machine in which 
physical operations perform mathematical com¬ 
putations to provide logical or numerical results. 
Computers are usually classified into two basic 
types —analog or digital. Analog computers es¬ 
sentially deal with a continuous measurement 
of a function, while digital computers deal with 
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counting discrete values of a function. Basically, 
the analog computer measures and the digital 
computer counts. 

Analog Computers 

An analog computer is one in which numbers 
are represented by physical magnitudes, such as 
the angle of rotation of a shaft or the magnitude 
of an electrical voltage or current. The basis of 
analog computation is the establishment of an 
analog or scale factor between the data and the 
computing mechanisms in the computer. The limit 
of precision of an analog computer is determined 
by how precisely the scale is read, which is 
limited by how accurately gears are ground, 
resistors, inductors, and capacitors are manu¬ 
factured. The continuous measurement of a vari¬ 
able in an analog computer makes it useful in 
fire control problems dealing with varying inputs 
as would be presented by an aircraft problem. 
On the other hand, because the computer oper¬ 
ates on a continuous basis it cannot jump from 
one problem to another. Switching is possible, 
but it involves a loss of time thus slowing down 
the speed of a solution. Therefore, analog com¬ 
puters are usually used for solving only one 
problem at a time. 
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Figure 3-29. — Computer subsystem. 
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Digital Computers 

Electronic pulses are used to represent the 
digits of numbers on which arithmetic operations 
are performed. Digital computers possess the 
capability of a higher degree of accuracy than 
analog computers. The limitation of precision of 
a digital device depends only on the value of the 
least significant bit (LSB) of its registers. 

A digital computer processes data consisting 
of defined numbers, the digits of which represent 
quantities undergoing computation. The computer 
sees these numbers as a group of discrete signals, 
each subgroup of discrete signals representing 
one of the digits of the entire number. Digital 
computers perform arithmetic operations by 
counting these discrete signals. 

CALIBRATION 

Calibration is the process by which computer 
circuits are adapted to meet specific fire control 
problems. In most cases, it would be impractical 
to create a computing device which could cope 
equally well with all possible situations. Hence, 
computers are calibrated so that thfey may suc¬ 
cessfully cope with the most likely situations. 
Basically, there are two types of calibration 
performed on a computer, static calibration and 
dynamic calibration. A few examples will serve 
to illustrate the use of static calibration. 

Static Calibration 

Assume that we are to fire a surface-to-air 
guided missile at a target and that we know, 
for this particular application, that the target 
will be either a very short range target or a 
very long range target. For the short range 
target, it is desirable to compute a prediction 
angle and solve the fire control problem as though 
the missile were not guided. However, for the 
very long range target, it is desirable to fire 
the missile at the same bearing as the tracking 
LOS and also at a fixed elevation angle to get 
the missile to optimum cruising altitude as quickly 
as possible. In other words, the prediction angle 
for the short range target is the normal pre¬ 
diction angle and varies with the situation; the 
prediction angle for the long range target is 
fixed regardless of the target position (aside 
from the fact that it is classified long range). 

Since these are the only two situations which 
we expect to encounter, we may then calibrate 
our computer so that it automatically gives us 
the normal prediction angle for short range or 
the specific fixed prediction angle for long range. 


In addition, we may further calibrate out 
computer by assuming that for short range target) 
the curvature resulting from gravity will have I 
nominal value and that the variation of this nomina 
value will be small enough to be neglected. Thii 
is especially true if it is determined that th< 
missile may be guided easily to compensate fo: 
this variation without causing excessive accelera¬ 
tion of the missile. In this case, then, we ma; 
calibrate our computer for short range problem! 
by adding a fixed curvature correction. Thil 
calibration practically eliminates the curvature 
correction computer, thereby greatly simplifyinf 
our machine. Of course, using all of these call* 
brations restricts us severely since we may no? 
attack only very long range or short range 
targets. 

Dynamic Calibration 

Suppose, now, that we consider attacking tar¬ 
gets at all ranges. We can determine a nominal 
desired value of prediction angle which varies a£ 
a function of range. In other words, for this 
guided missile system we would like to vary the 
angle between tracking LOS and launcher LOF sc 
that we have a complete spectrum of prediction 
angles varying in a fixed manner from the long 
range solution, discussed previously, to the 
normal prediction angle used for our previous 
short range problem. We would instrument this 
program by calibrating our computer as a func¬ 
tion of target range. Since this is a constantly 
varying factor, we call it a DYNAMIC calibra¬ 
tion. In the same manner, we might calibrate 
curvature correction as a function of range, 
thereby simplifying our computer via a dynamic 
calibration. 

Another kind of dynamic calibration is the use 
of sensitivity control. Suppose we are guiding 
a missile towards a maneuvering target. There 
are two prime considerations: one is that the 
missile follows the target sufficiently close so 
that it assures a hit. The second is that the 
missile is not required to perform accelerations 
large enough to cause it to fly out of its guidance 
beam if it is a beam rider, or so large that it 
cannot comply with the command. 

It is not necessary for the missile to follow 
target maneuvers exactly while the range differ¬ 
ence between target and missile is large. In this 
case it is desirable to smooth the missile s^ 
response to target motion. However, as the mis¬ 
sile approaches the target, it becomes more and 
more necessary for the missile to follow target 
maneuvers to avoid a miss. Hence, a program 
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lay be implemented, via dynamic calibration, to 
lake the missile’s sensitivity to target maneu- 
ers small at large missile-target range differ- 
nces, but increase according to a fixed program 
s the range difference decreases. 

IATA CONVERSION 

Data conversion is the process of transforming 
ector components from one coordinate system to 
nother by electrical and/or mechanical means. 

In a stabilized fire control system, the amount 
I roll would be sensed by a gyro or stable 
flement and the deck elevation angle would be 
hanged to compensate for the roll. This is shown 
n figure 3-30. 

If measured tracking data is acquired in an 
instabilized frame, and the fire control computer 
operates in a stabilized frame, a transformation 
rom unstabilized coordinates must be made at 
he computer input. Similarly, if the launcher 
operates in an unstabilized frame, the reverse 
transformation is required at the computer output. 

In general, the computation of the fire control 
solution is accomplished in geometrically stabi¬ 
lized coordinates. Input data is usually stabilized 
at the tracking radar or in a data converter 
associated with the radar. If the computer oper¬ 
ates in stable coordinates, its output is naturally 
Instable coordinates. However, the output may be 
ased to drive a device whose base is not stabi¬ 
lized, such as the launcher. In this case, data 
conversion is required at the computer output 
to make the drive signals compatible with the 
base of the driven mechanism. 

Data conversion is required because different 
reference frames use different measuring equip¬ 
ment which inherently make measurements with 
respect to their own reference system, as ex¬ 
plained previously in this chapter. 


MISSILE CONTROL 

When the line of sight to the target has been 
established and the prediction angle (launch, 
eapture, and intercept point) has been deter¬ 
mined, the fire control problem has been solved. 
Next, the solution must be put into effect. The 
launcher positioning system must position the 
“tocher properly as required to achieve capture 
°f the missile within the guidance beam. The 
pdded missile must receive orders to follow, 
•he orders may be given prior to launch and 
flight. Some guided missiles require 
continuous instructions from the fire control sys- 
*m aboard ship during missile flight. 
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Figure 3-30. — Roll stabilization. 


LAUNCHING 


Some launching systems are so big and com¬ 
plex, that they are fixed and require that the 
launcher return to a predetermined angle of 
elevation for loading. The loading angle may 
be vertical, horizontal, or near the horizontal. 
This loading at a prescribed angle of elevation 
is usually coupled with loading at a preset 
position in train. The schematic of typical TER¬ 
RIER installation as shown in figure 3-31 illus¬ 
trates the necessity of the launcher returning to 
predetermined angles of train and elevation in 
order for the loading operation to be accomplish¬ 
ed. 


When missiles are small enough (usually 
those with integral propulsion systems) loading 
may be conducted for a continuously rotating 
launcher by making the line of missile transfer 
coincident with the train axis of the launcher, 
and thus independent of launcher train. In sys¬ 
tems of this type, such as the TARTAR launcher 
shown in figure 3-31, missile transfer is com¬ 
pleted when the missiles are deposited in the 
ready service ring. The next phase is to load 
them, by ramming, onto the launcher rail. 


In general, the launching system must respond 
to certain types of orders, such as what to 
launch, where to launch, and when to launch. 
These orders are electrical signals normally 
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TARTAR launcher and storage facilities typical TERRIER missile installation 


Figure 3-31. — Guided missile launching system. 



sent from NTDS/WDS, and the fire control com¬ 
puter, to the launching system, via the fire con¬ 
trol switchboard. 

Selection of a Missile 

A launching system will often have several 
types of missiles stored within its magazine, 
so it must receive orders regarding the type 
or types of missiles to be launched. In guided 
missile launching systems, both homing and beam¬ 
riding missiles may be available. The launching 
system must receive orders regarding which type 
of missile to launch. In addition to the type of 
missile, the launching system must know how 
many missiles to launch. For example, a guided 


missile launching system may fire one rail, or 
two rails at the same time, either once or 
continuously. 

Flight Orientation 

In order to launch a missile into a desired 
flight path, its initial flight orientation must be 
controlled by the launching system. Therefore, 
the fire control computer generates missile 
orientation orders to which the launching system 
must respond. 

Guided missiles must be launched with mini¬ 
mum dispersion. For example, a beam- riding 
guided missile must be launched in such a direc¬ 
tion that it intercepts a moving or stationary- 
radar guidance beam. A homing missile must 
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be launched so that it will be in a position to 
acquire and lock on to a target. 

Basic Point Defense 
Launching System 

The BPD launching system, figure 3-32, is 
a ready stowage area and a launching platform 
for eight guided missiles (AIM 7 series Sparrow 
HI), and contains the necessary circuitry to drive 
the launcher in train and elevation and to relay 
signals from the fire control system to the 
missiles. 

The launcher contains eight missile cells 
which have frangible fire-thru covers. Each cell 
has a guide rail that supports and guides the 
missile during launching. A missile-away switch 
initiates a step-over to the next cell in the 
firing sequence when the missile leaves the rail. 

The Basic Point Defense System is covered 
in more detail in FTM 3&2 Supplement 2, NAV 
EDTRA 10209-S2. 

GUIDANCE 

Guided missiles have self-contained guidance 
or remote guidance which provides some degree 
of inflight control. The inflight control may exist 
only for a short period during flight, or through¬ 
out the entire flight. For guided missiles, it is 
not simply a problem of finding the direction to 
aim the missile (launcher positioning), but one of 
navigating the missile. There are missiles which 
combine the features of more than one type of 
guidance system, such as missiles which are 
remotely guided from the launching ship to the 
intercept area of the target and then guided to 
intercept themselves by their own homing devices. 

Homing 

As discussed in chapter 2, homing systems 
can be divided into three types, depending on the 
source of the energy detected by the tracking 
sensor within the missile. 

a) active homing 

b) semi-active homing 

c) passive homing 

ACTIVE HOMING.— In an active homing sys¬ 
tem, the transmitter of energy which illuminates 
fee target and the receiver which receives the 
reflected energy from the target are both con¬ 
tained in the missile. A simple homing system 


consists of a transmitter and receiver of micro- 
wave energy for target detection and tracking 
of the target, a computer to calculate the re¬ 
quired missile line of sight position to the tar¬ 
get, and missile control equipment to direct 
the missile in response to the computer orders 
to intercept the target. 

There are several advantages of a missile 
using active homing. 

1) Once homing starts, the missile is completely 
independent of energy transmitted from an exter¬ 
nal source and of any external guidance informa¬ 
tion. 

2) The fire control system of the launching ship 
may engage another target as soon as homing 
is initiated. 

3) Long range target intercept is possible beyond 
the accurate fire control radar tracking range. 

4) The launching ship has greater flexibility 
since it can maneuver, retire, etc., once homing 
is initiated. 


SEMI-ACTIVE.—In a semi-active homing sys¬ 
tem, the transmitter of energy which illuminates 
the target is located outside the missile on the 
launching ship. The semi-active homing system 
operates in the same manner as the active 
homing system. Because the energy transmitter 
is no longer in the missile, but on the larger 
launching ship, the size and weight of the trans¬ 
mitter can be much greater, permitting the use 
of long-range, high power transmitters. Since 
the missile operates solely on energy which ori¬ 
ginates in the transmitter on the launching ship, 
the launching ship cannot break off the attack 
on the target once the missile is launched. 
Once a missile with active homing is launched, 
the launching ship is free to begin an attack 
on another target. With semi-active homing, 
however, the launching ship must continuously 
participate in the engagement until intercept 
occurs. 

PASSIVE HOMING. — The third form of homing 
is passive homing which relies solely on energy 
emitted by the target. Because a passive homing 
system does not require an internal transmitter, 
it has the advantage of a relatively light weight 
missile as in a semi-active homing system, and 
missile independence of the launching ship as in 
an active homing system. 


Missile Homing Control 


Because the receiving, computing, and control 
equipment must be carried in a homing missile, 
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Figure 3-32. — BPD launching system: A. Launcher; B. Guide rail 

cutaway. 
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Igure 3-33,—A. Pursuit course; B. Constant 
bearing course. 


be fire control problem should be solved as 
Imply as possible. One of the oldest and simplest 
solutions is the pursuit course, illustrated in 
Igure S-38A, which is the path followed by a 
nissile which is always aimed directly at the 
argot. 

The missile then flies its flight path coin¬ 
cident with the line of sight to the target. The 
•eceiver can be a fixed detector whose tracking 
Ine of sight is set in coincidence with the 
nissile axis, or flight path. Any deviation of 
be target line of sight from the tracking line 


of sight is the tracking correction signal. Be¬ 
cause the pursuit path does not utilize any pre¬ 
diction angle, no computer is required and the 
tracking correction signal can be used as the 
missile control signal to reorient the missile 
flight path and tracking line. 

Unfortunately, in a pure pursuit course the 
missile follows a curved path even when the tar¬ 
get is following a linear course. A missile using 
a pursuit course must have very high maneu¬ 
verability not only to follow this curved path, 
but also to correct launcher dispersion, gravity, 
forces causing flight path curvature, and any 
target maneuvers. 

The requirements for missile maneuverability 
are greatly reduced if the missile flies a straight 
line path to intercept. 

To fly such a collision path, it is necessary 
to maintain a constant line of sight. In order to 
comput the prediction angle, the receiver within 
the missile must determine not only target bear¬ 
ing and bearing rate but also target range and 
range rate. A computer is required in the mis¬ 
sile to calculate missile flight path orders on 
the basis of data about the target. Once the 
missile flight path is directed properly, it is 
then necessary to maintain only the line of 
sight to the target stationary, and intercept 
must occur despite target evasive maneuvers. 
However, any instantaneous changes in the line 
of sight direction must be detected and corrected 
immediately. Because it is not physically possi¬ 
ble to build a system which operates instan¬ 
taneously, some more practical methods must 
be devised. 

One such method is proportional navigation. 
In this system, as long as the line of sight 
does not rotate, the missile is maintained on 
its straight line path toward collision. If the line 
of sight begins to rotate because of target 
maneuver or any undesired motion of the missile, 
the missile flight path control equipment is order¬ 
ed to turn the missile at a rate proportional 
to the rate of the line of sight rotation and in 
the proper direction to reduce the rotation of 
the line of sight to zero. When the rotation of 
the line of sight is reduced, to zero, the mis¬ 
sile is held on its constant bearing path, figure 
3-33B. A proportional navigation system requires 
data on target bearing and range and the rate 
of change of each to calculate the initial pre¬ 
diction angle. An additional requirement of this 
system is a second order control system which 
turns the missile at a rate proportional to the 
input signal. 
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Remotely Guided Missiles 

There are two types of systems within this 
category of remotely guided missiles, one in 
which the launching ship sends missile control 
orders via a data link to the missile, then uses 
a built-in missile flight path control mechanism 
to reorient itself; and one in which data is 
transmitted via a data link (guidance beam) 
to the missile which then determines its own 
flight path control orders. The first type of 
system is called a COMMAND GUIDANCE sys¬ 
tem, and the second type is called HYBRID 
GUIDANCE system. The most widely used 
HYBRID GUIDANCE system is the BEAM RIDER 
system. 

COMMAND GUIDANCE. —In a typical com¬ 
mand guidance system, illustrated in figure3-34,. 
two tracking radars are used to track continu¬ 
ously the target and the missile until intercept. 
The radar tracking the target provides the neces¬ 
sary target position data, while the radar track¬ 
ing the missile provides similar data on the 
missile. On the basis of this data, the com¬ 
puter determines the missile flight path control 
orders necessary to maintain the missile on a 
flight path to intercept the target. The missile 
flight path control orders are transmitted to 
the missile by radar. 

HYBRID GUIDANCE.— A second type of guid¬ 
ance, hybrid guidance, combines both command 


guidance and homing guidance to achieve many 
advantages of both systems. By maintaining the 
missile within the guidance radar beam and trans¬ 
mitting the data to the missile, the long range 
capabilities of command and semiactive homing 
guidance can be achieved. By having the missile 
compute its own flight path control orders, the.i 
entire mechanization of the fire control problem j 
can be simplified, as it is in active and passive 
homing. 

A common example of a hybrid guidance, 
system is a beam riding guidance system. A 
transmitted RF beam is used to provide a direc¬ 
tion to the target along which the missile must 
go. The missile must then determine its location 
with respect to the beam and must move to keep.: 
itself in the center of the beam. The equipment: 
installed in the missile to perform these functions l 
can be comparatively simple. By having the beam 
for guidance coincident with the line of sight 
on the target tracking beam, the missile will 1 
follow a form of pursuit course. By using 
guidance beam which is made coincident with] 
the target tracking beam at intercept, other ■ 
flight paths can be used which will result in., 
less stringent acceleration requirements on the: 
missile. 


WEAPON SYSTEM OPERATIONAL PHASES 

The overall task of any guided missile fire’ 
control system may be generally described as 
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le delivery of a warhead or payload, within 
le missile, to a target. 

'ARGET DETECTION 

The target detection phase involves the sur- 
eillance and detection or discrimination of any 
nemy or unidentified targets that appear within 
le surveillance field. This detection is normally 
chieved by the ship’s air search and surface 
earch radars, and in some cases by the ship’s 
Ire control tracking radars. 

'ARGET CLASSIFICATION 

This phase consists of classification of the 
etected target and identification. Identification 
f the target determines its friendly or un- 
riendly character. 

To afford protection to friendly forces, IFF 
Identification Friend or Foe) electronic equip- 
aent is used in con junction with the radar systems, 
’hrough the use of IFF equipment, radar detected 
argets can be identified as friendly without 
esorting to verbal communications or visual 
dentification. An IFF transmitter emitts a signal 
n a particular frequency. The signal is received 
y the target in question and in turn transmits 

coded signal back to the ship. If the ship’s 
eceiver is set to the particular coded pulse 
hain that is returned, it automatically signals 
tie operators that the target is friendly. If no 
lgnal is returned or the code is incorrect, 
lie target is assumed to be unfriendly. 

'ARGET LOCATION 

The target location phase consists of locating 
le target relative to the ship with sufficient 
ccuracy for effective weapon employment, and 
le maintenance of radar contact with the target. 

Target location radars include those which 
ather the information necessary to define a 
irget’s location for designation to the fire control 
ystem which will actually lock on and track 

le target. 

Tracking is essential to target interception 
ince it provides the necessary flow of data 
accurate bearing, elevation, and range) which 
8 so important for target location. It may be 
ccomplished by two or more separate radars, 
a which a search radar detects the target and 
acates it with sufficient accuracy to supply 
oformation to a designated fire control tracking 
adar. 


A target can defeat a radar system in a variety 
of ways. Any countermeasure which gives false 
target information, such as chaff, and decoys can 
be effective since they tend to obscure exact 
target position and may cause an automatic 
tracking radar to "break track" and lose the 
target due to overloading the radar system with 
false targets. In these instances, the most effec¬ 
tive counter-countermeasure is a highly trained 
operator and an accurate discerning device, built 
into the radar, that is capable of distinguishing 
false targets from real ones. 

Jamming techniques are similarly effective 
because exact target position is lost and cannot 
be tracked in the jamming signal. Missile homing 
devices, radar receiver delay circuits, and ran¬ 
dom pulse repetition frequency of output a: . all 
effective methods of countering jamming techni¬ 
ques. 

Spoofing with electronically simulated targets 
is also employed to overload and fool target 
tracking radar systems. Again, coding or ran¬ 
domness of radar outputs can successfully defeat 
this form of countermeasure. 

MISSILE SELECTION 

This phase involves selection of the optimum 
type of missile, consistent with the mission of 
the ship and its capabilities, and the designa¬ 
tion of a specific fire control system to destroy 
the target. For example, in a guided missile 
cruiser, on detecting a threatening air target, 
the weapon control officer will select either a 
beam riding or homing missile and designate a 
specific guided missile fire control system to the 
target with that type of missile. 

MISSILE LAUNCHING 

The missile launching phase is concerned with 
the safe and effective launching of a missile into 
the desired flight path. 

To fulfill the operational requirements im¬ 
posed during the launching phase, a launching 
system performs certain specific functions; which 
are missile storage, transfer, loading and launch¬ 
ing, figure 3-35. 

The magazines and ready service stowage 
provide for the safe, protected storage of a 
supply of missiles needed to engage the enemy. 

Transfer is accomplished by moving the mis¬ 
sile from storage areas to the launcher. 

Loading requires that the missile be moved 
from the transfer area to a position on the launch¬ 
er. During loading and transfer, flight preparation 
of the missile is generally accomplished. 
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Figure 3-35. —Missile launching system. 
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The fundamental unit of a launching system 
is the launcher which accomplishes flight initia¬ 
tion of the missile. Precision of launcher posi¬ 
tioning orders at launch does not dictate the 
resulting kill probability of the target since the 
guided missile flight path is continually reori¬ 
ented as the missile travels along its variable 
or controlled trajectory to the target. This is 
not to say that the launcher position on firing 
can be ignored. Most missile systems have 
correction and attitude control limits within which 
they must operate. The launcher must put the 
missile within these boundaries at launch or 
the missile’s guidance system may not be able 
to compensate for the discrepancy and the gain 
control within the missile’s guidance system. 

MISSILE DIRECTION (GUIDANCE) 

This phase consists of the acquisition of the 
target by the designated fire control system and 
the generation of the necessary missile control 
and guidance orders to intercept the target. 
Acquisition requires that a radar within the 
fire control system acquire and lock-on to the 
target in order to gather information pertaining 
to target position and motion. This information 
is processed in the fire control computer to 
generate missile control and guidance orders. 
The missile control and guidance orders define 
the orientation of the missile trajectory needed 
to destroy the target. This information is sent 
to the launching system for proper positioning 
of the launcher and the missile it contains,figure 
3-36. The processing of target data and ballistic 


information factors is performed by analog or 
digital fire control computers. 

Every missile guidance system consists of an 
attitude control system and a flight path control 
system. The attitude control system exercises 
control of the missile in roll, pitch, and yaw. 
It functions to maintain the missile in the de¬ 
sired attitude on the ordered flight path. The 
attitude control system of a missile operates 
essentially as an autopilot, damping out flight 
deviations that tend to deflect the missile from 
its ordered flight path. The function of the flight 
path control system is to determine the trajectory 
necessary for target interception and to generate 
the necessary orders for the attitude control 
system to follow. 

Thus, the missile guidance system is essen¬ 
tially a fire control system and is inherently 
associated with the missile trajectory of flight 
path guidance phase. Therefore, when a guided 
missile is employed, the missile trajectory de¬ 
cisions continue to be generated either within 
the missile during homing or by the fire control 
computer during remote guidance after the mis¬ 
sile has been launched. 

Many of the guidance systems we discussed 
previously in this chapter may be combined to 
utilize the advantages of each system. For ex¬ 
ample, a surface-to-air missile may use preset 
guidance during the initial or launching phase 
to orient the missile in a radar beam, beam 
rider guidance during the midcourse phase, and 
homing guidance during the terminal phase, when 
the beam rider accuracy decreases. 
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PROBLEM SEQUENCE 

We’ve already mentioned the sequence of 
operations that take place in the basic missile 
fire control problem. Let’s plot these operations 
against a time base and compare their occur¬ 
rence with the missile flight phases (fig. 3-37). 

Detection operations are taking place during 
the period of time between T-l and T-2. This 
period will vary depending upon the complexity 
of an engagement and operating conditions pre¬ 
valent at the time. T-l represents the time 
that target information is first disclosed. During 
detection, the target’s approximate position is 
established and initial target evaluation takes 
place. 


Designation occurs between T-2 and T-3. 
This represents the relatively short period of 
time that it takes to position the tracking radar 
to the approximate position of the target. 

Acquisition, between T-3 and T-4, takes place 
after the tracking radar has accepted designation 
data from the data source (normally NTDS/WDS). 
Due to the narrow beam of the fire control 
tracking radar, the tracking radar may not see 
the designated target. The tracking radar is 
caused to scan a volume of space around the 
designated point in space. This should result in 
detection of the target and cause the tracking 
radar’s automatic tracking circuits to come into 
operation. 



Figure 3-36. — Weapon system operation. 
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Figure 3-37. —Problem sequence. 
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T-4 represents the time that automatic track¬ 
ing starts. At this time, accurate target data 
is transmitted from the tracking radar to the 
fire control computer. Based upon this target 
data, the computer starts computing prediction 
and launch data. The prediction data will be 
transmitted to NTDS/WDS for a final evaluation 
of the target’s engageability. Launch data com¬ 
putations will provide launcher position data 
which will be transmitted to the missile launcher 
when it is assigned to the appropriate fire control 
system. 

Evaluation of a target’s engageability will 
continue until the determination has been made 
to fire. At this time, T-5, the firing key is 
closed. This provides the missile with an intent- 
to-launch signal and initiates the prelaunch phase 
of operations. During prelaunch, the missile will 
be brought to a flight operational status. When 
the missile transmits “missile-ready-to-fire” 
to NTDS/WDS, the missile firing circuits will 
be completed and ignition of the missile booster 
squibs takes place. This, in turn, ignites the 
missile booster and missile launch occurs at 
T-6. Prelaunch operations involve less than 2 
seconds of time. 


The launch phase of our problem corresponds 
to the boost phase of missile flight. During this 
period of time the missile is in flight and on 
its way to a capture point. For a beam rider, 
this will be a point in space within the capture 
or guidance beam. For the semiactive homer, 
it will be a point in space where the missile 
seeker head will slew toward and acquire the 
target. In any event, capture of the missile by 
a remote guidance source will take place. 

During launch the missile control surfaces 
may or may not be activated. If activated, they 
are striving to maintain missile stability during 
the boost phase. You can look at this as a form 
of missile guidance. However, for our problem, 
guidance is going to begin at T-7, shortly after 
booster burnout or separation. The time between 
T-6 and T-7 is approximately 4-7 seconds. 

As already established, guidance for our 
basic fire control problem commences when the 
missile starts receiving guidance signals from an 
outside source. Guidance will be in effect until 
intercept (T-9). The time duration of guidance, 
assuming a constant missile velocity, will be 
dependent upon intercept range. 
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One of your primary responsibilites as a 
rated Missile Fire Control Technician will be 
the supervision of your men in their duties with 
respect to missile system testing. To lead your 
men effectively in their work, you must know 
the proper procedures for operation and main¬ 
tenance within this subject area. Detailed step- 
by-step procedures must be obtained from the 
technical manuals available on your ship or 
station. This chapter, however, will provide you 
with knowledge that will assist you in the analysis 
of these step-by-step procedures. 

Secondarily, you will be concerned with the 
handling of missiles. Although missile handling 
is performed by Gunner’s Mates (Missile) (GMM), 
you are not relieved of the responsiblity of being 
able to recognize unsafe conditions due to mis¬ 
handling. For this reason alone, it is important 
that you understand the basic missile handling 
procedures. In this chapter, we will first present 
a brief coverage of missile handling. After this, 
we will discuss some of the more important 
aspects of missile testing. 

After completing this chapter, you will be 
familiar with the procedures of missile handling 
ashore and afloat. You will acquire knowledge 
concerning the techniques of determining a mis¬ 
sile’s operational capability by means of missile 
testing. 


MISSILE HANDLING 

Missile handling refers to all procedures and 
steps taken with missile components from the 
time they leave the factory until the missile is 
launched. Figure 4-1 illustrates the flow of 
missile components from the manufacturer, on 
to a designated Naval Weapons Station (NWS) 
which has missile assembly and servicing fa¬ 
cilities, and finally to the firing installation in 
the form of a complete missile. 

As a Missile Fire Control Technician, you 
will be concerned with two phases of missile 


handling—Naval Weapon Station handling and 
shipboard handling. The handling methods used at 
these two locations will differ extensively due 
to the differences in space availability and the 
missions of the installations. 

NWS HANDLING 

The Guided Missile Maintenance Division 
(GMMD) at a Naval Weapons Station has the re¬ 
sponsibilities of receiving, inspecting, assem¬ 
bling, testing, and issuing missiles to the firing 
installations. Usually, complete missiles are not 
sent from a manufacture to the GMMD. The prime 
contractor for a particular missile sub-contracts 
certain sections of the missile to other manufac¬ 
tures (subcontractors). Most prime contactors 
receive all subcontracted sections at a central 
location, usually their factory, and they do the 
distributing to NWS. At NWS, the missile sections 
are unpacked, inspected, serviced, and tested. 

Other jobs performed by the GMMD are 
igniter testing, fuze testing, and shipping con¬ 
tainer maintenance. Stockpiled missiles are re¬ 
tested at periodic intervals and inspected for 
corroded and over age components. Humidity level 
in missile containers is checked weekly and the 
desiccant changed when necessary. (Containers 
and desiccants will be discussed later in this 
chapter.) 

Missiles returned to the GMMD from firing 
activities must be closely inspected for damaged 
or unserviceable components before placing them 
in the retest and issue cycle. Damaged com¬ 
ponents and sections which cannot be repaired 
at the GMMD are returned to a repair activity 
or disposed of in accordance with Naval Ordnance 
(NAVORD) instructions. 

GMMD Handling Equipment 

Each piece of handling equipment at the GMMD 
is designed specifically for one function. It will 
be used for the task for which it was designed 
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Figure 4-1.—Flow of missile components, 
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and no other. For example, a warhead carrier, 
if used to lift a complete missile, would probably 
fail and drop the missile, possibly causing 
detonation of an explosive or at least extreme 
structural damage. The GMMD is provided with 
all necessary container slings, missile-lifting 
slings, test stands, and special lifting devices for 
carrying the various missile sections. Overhead 
cranes, birail trolleys, and chain falls are more 
examples of GMMD handling equipment. 

Different missile systems have specially de¬ 
signed handling equipment. Attempting to work 
on one missile with equipment designed for 
another can only lead to damage to the gear and 
possible injury to personnel. 

Shipping Containers 

Missile components are shipped from various 
manufacturers to NWS in many different types 
of container. From NWS, complete missiles are 
shipped to firing installations in varying types of 
missile containers. Missile containers must be 
designed with certain factors taken into con¬ 
siderations such as: 

1. SECURITY. The container must protect 
fragile missile components from humidity, vi¬ 
bration, static electricity, rough handling, and 
tampering. Since most missile components have 
a security classification (Confidential or Secret), 
they must be completely enclosed in the con¬ 
tainer. 

2. EASE OF HANDLING. The container must 
be of size, weight, and shape that will allow 
handling by slings, fork lift, or other similar 
methods employed ashore or afloat. 

3. ACCESSIBILITY. The containers must be 
easy to open and the contents readily removable. 

4. SAFETY. Missile containers must con¬ 
form with applicable Navy safety precautions and 
Coast Guard shipping, storage, and safety pre¬ 
cautions regarding explosive and flammable 
material. Overland shipment of missiles by rail 
or truck introduces the requirement of conform¬ 
ing to Interstate Commerce Commission regula¬ 
tions concerning transfer of explosives and 
flammables. 

The missile containers used by the Navy 
meet the above requirements, except in some 
cases where handling or accessibility is sacri¬ 
ficed for absolute safety and security. Safety 
and security are never sacrificed. 

The primary function of a missile container 
is to protect fragile missile components from 


damage during storage and handling. Therefore, 
most containers are of sturdy metal construction 
with some type of internal cushioning for the 
prevention of damage to contents by shock or 
vibration. Containers may be pressurized if it is 
desired to keep the missile components in a 
constant atmosphere, or kept at atmospheric 
pressure if a controlled atmosphere is unnec¬ 
essary. All missiles or missile components are 
packed with a desiccant (dehumidifier) included 
in the container and humidity indicator to show 
interior humidity. The desiccant and indicator 
are very often treated silica gel crystals which 
will turn from blue to pink with increasing 
humidity. Some containers have a guide which 
indicates the humidity within the container ac¬ 
cording to the shade of blue or pink of the indi¬ 
cator. If the humidity in the container rises 
above an acceptable level, the desiccant may be 
heated or baked to dry it out. When this is done, 
the silica gel crystals assume the original blue 
shade. 

Provisions are also made to ground missile 
components to the container to prevent buildup 
of static electrical charges. Large containers are 
provided with skids for stacking, fork-lift cut¬ 
outs, and fittings for lifting with slings. 

A typical cylindrical pressurized container is 
shown in figure 4-2. The missile is placed in 
rubber shock-mounted saddles and is then rolled 
into the container on a track and held in place 
by locking bolts through the outside of the con¬ 
tainer into the saddles. (It is important to 
remember when working'with a pressurized con¬ 
tainer to bleed off the air pressure before re¬ 
moving the cover. Even relatively low pressures 
may cause the cover to be blown off if the cover 
bolts are removed before bleeding the container.) 

The most common type of guided missile 
container now used in the Navy is the box or 
“coffin” style shown in figure 4-3. This is 
normally a non-pressurized container which is 
vented to the atmosphere through breather valves. 
The cover of the container is held down by 
trunk type latches and is made weather tight 
by an inflatable gasket. The missile or missile 
component is supported by handling bands which 
are installed before placing it in the container. 
The handling bands provide the means of lifting 
the missile, and, by fitting into guides on the 
inside of the container, also prevent movement 
of the contents during shipment. The packaged 
missile is cushioned by sponge rubber pads 
attached to all inside surfaces of the container. 
Missile containers should not be stacked more 
than three high. 
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Figure 4-2. — Missile shipping container. 
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Most missile ordnance items are shipped in 
various sizes of steel drum containers. These 
are standard drums with rubberized hair cush¬ 
ioning, shaped to encase the component being 
shipped. The cover is secured with a tension 
ring. The steel drum container affords maximum 
protection for explosives, and yet is simple, 
inexpensive, and readily available. 

All missile containers are reusable and 
therefore must be maintained in good condition. 
Containers which are simple in construction 
require little maintenance. Some containers are 
elaborately built and require an inspection and 
maintenance program, which is outlined in the 
Ordnance'Pamphlet (OP) furnished with the equip¬ 
ment. A periodic inspection usually includes a 
check of all sealing surfaces, support fittings, 


threaded surfaces, and overall condition of the 
container. Required maintenance should be per¬ 
formed at the time of inspection and is normally 
carried out at the GMMD. 

Special Tools 

Each missile activity is furnished a special 
tool kit for each type of missile. These tools 
are used to assemble, disassemble, maintain, 
and repair missiles and missile components. 
Since they are not standard tools they cannot be 
readily replaced from general stores. For this 
reason, extreme care must be taken to prevent 
their loss or damage. 

Many missile components do not have stand¬ 
ard hardware (nuts, bolts, etc.). Therefore, it is 
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absolutely necessary to have the correct tool 
before any work can be done on a particular 
component. 

As you know, guided missiles experience 
extremely high accelerations during flight. These 
cause larger forces on the missile structure, 
especially at the joints where sections are 
mated. This presents the requirement of tight¬ 
ening the bolts between missile sections to exact 
torque values. TORQUE WRENCHES are used 
exclusively throughout the missile field to ensure 
proper settings. 

Also included in the special tool kit are ARM¬ 
ING TOOLS for explosive arming devices that 
cannot be armed with standard tools. Tools 
made of nonsparking metal are provided for 
working on explosive components in the missiles. 
No other tools are to be used on ordnance items. 
The nonferrous metal used in these tools is soft 
and will not withstand rough treatment or appli¬ 
cation of high torques. 

One example of a specialized tool is the 
CLINOMETER, an instrument equipped with a 
leveling device which is used for measuring 
values of the angle made by a control surface 


and a reference plane. Various kinds of clin¬ 
ometers are employed for checking and adjusting 
missile control surfaces. Because of the differ¬ 
ences in airframe configurations of the various 
missiles, each of these instruments must be used 
in accordance with instructions appropriate for 
the particular measurement involved. 

Less specialized measuring tools are also 
required in the everyday duties of the Missile 
Fire Control Technician. At various times modi¬ 
fications of missile units and assemblies must be 
made; and the layouts must conform exactly with 
specifications given in the prints or drawings 
accompanying the modification orders. Among 
the measuring tools used in most cases is the 
ordinary DECIMAL RULE. VERNIER CALIPERS 
may be required for more precise measurements. 

THICKNESS GAGES are needed for many ad¬ 
justments made in hydraulic and pneumatic units, 
for example, when repairing a hydraulic servo- 
system. This type of tool is necessary for 
operations such as setting the travel distance 
of valves, which in typical cases are adjusted 
to tolerances such as + 0.002 inch. 
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Vernier calipers, micrometer calipers, thick¬ 
ness gages, and most of the basic measuring 
tools used in missile work are discussed in 
Tools and Their Uses, NavPers 10085-B. 

It is important that the tools in your working 
area be kept in good condition at all times by 
ensuring that they are clean, free from rust and 
corrosion, and in their proper place. It would be 
difficult, if not impossible, for your men to do 
their job with equipment and tools not in proper 
working condition, 

SHIPBOARD HANDLING 

A Missile Fire Control Technician aboard ship 
will be concerned to some extent with two missile 
handling functions. The first of these involves 
transporting a missile back and forth between its 
stowage location in a magazine and the location 
where the testing and repairs are performed. 
The second function is replenishment at sea. 
Although you may or may not play a leading role 
in missile handling, it is certainly important 
that you understand what is going on in this 
regard. 

Most missile handling aboard ship is done by 
the automatic equipment of the launcher-loading 
system. This equipment is operated by the GMM's 
responsbile for the launching system. They will 
bring missiles from the magazine and deliver 
them to the testing crew in the missile testing 
area. The testing crew will make all test connec¬ 
tions to the missile and ensure that all safety 
precautions are observed during the entire oper¬ 
ation. After testing has been completed and 
corrective action taken (if necessary), the test¬ 
ing crew will disconnect the missile from the 
test set. The missile will then be returned to 
the magazine by the GMMs. 

Replenishment at Sea 

Replenishment at sea may be accomplished by 
means of any one of four transfer methods. 

1. The Burtoning method. 

2. The constant tension highline method. 

• 3. The modified housefall method. 

4. The Standard Tensioned Replenishment 
Alongside Method (STREAM). 

We will cover only the modified housefall and 
STREAM methods because they are the methods 
most commonly used in the fleet. 


Modified Housefall 

The modified housefall rig is shown in figure 
4-4. Completely assembled missiles and boosters 
(less wing and fins) are removed from their 
containers, suspended in a transfer dolly (called 
a grasshopper) and transferred from the am¬ 
munition ship to the missile ship. Missiles or 
boosters arrive on the 01-or 02-level (depending 
on the type of ship) atop the deckhouse at a 
point near one of the strikedown hatches. To 
maintain a simultaneous port and starboard flow, 
missile-booster transfer is scheduled so two 
boosters are transferred, followed by two mis¬ 
siles. Scheduling of missile component transfer 
is arranged so that a balanced group of com¬ 
ponents will have been transferred in a given 
time. This is done because missiles and boosters 
have to be mated on the receiving ship before 
they can be stowed in a magazine. You have to 
mate a missile to a booster before you can receive 
the next two in the missile house. That’s why 
they are received in the order as follows: booster, 
booster, missile, missile. Normally, both port 
and starboard strikedown hatches are used. 
Spare warheads and exercise heads are also 
transferred on the modified housefall rig. The 
transfer cart or dolly is also used for inner 
missile house transfer between rails. 

The highline shown in figure 4-4 is used to 
to transfer missile components such as wings, 
fins, and spare parts concurrently with booster 
and missile transfer. 

The above method of missile transfer is used 
only if the STREAM system is not installed. 

STREAM Method 

The STREAM method transfers missiles and 
components to combatant ships equipped with 
special receivers formerly known as FAST re¬ 
ceivers. 

The STREAM method maintains control in 
the movement of missile components from storage 
on the delivery ship through the intership trans¬ 
fer and through the strikedown operation on the 
combatant ship. Proper use of STREAM will 
ensure delivery of “go” missiles; will reduce 
alongside time, deck handling, and hazard to 
crew; and will increase heavyweather re¬ 
plenishment capability. 

The missile STREAM receivers installed in 
combatant ships are of two basic designs — the 
TARTAR/TERRIER receiver (fig. 4-5, view B), 
and the TALOS receiver (fig. 4-5, view A). 
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Figure 4-4. — Modified housefall method of transfer and replenishment at sea. 


Vertical Replenishment 

Vertical replenishment (VERTREP) promises 
to be an ideal transfer method for missiles. The 
helicopter can lift the missile high above the 
sea spray associated with connected transfer 
methods. The ability of the helicopter to hover 
at a precise position or altitude reduces the 
danger of damage to the relatively fragile mis¬ 
siles as it arrives aboard the ship. Two methods 
of missile VERTREP are currently used, the 
choice being dictated by the strikedown method 
employed aboardship. In the first method, mis¬ 
siles and boosters are carried in containers and 
are decanned at the strikedown equipment. In the 
second method, missiles are transferred in a 
missile dolly, figure 4-6. The dolly can be 
transported by fork-lift truck, manhandled on 


caste red wheels, or lifted by its sling. It is 
constructed of tubular steel and provided with 
a dead man brake system, shock absorbers on 
each wheel, and fold-down side bumpers. It 
provides mobility and shock protection during 
VERTREP of TERRIER missiles, TERRIER 
boosters, and TARTAR missiles. When adapted 
to carry the TARTAR MR missile, the dolly 
interfaces with the TARTAR launcher for strike- 
down of the missile. 

The TARTAR ER missiles or boosters are 
loaded aboard by means of a crane and lifting 
beam (from dockside). The lifting beam is at¬ 
tached to the handling attachments on the missile 
or booster. The crane lifts the ER missile or 
booster out of the container and places it on the 
ship strikedown elevator for strikedown to the 
ship magazine. Transfer-at-sea from ammunition 
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Figure 4-5. — STREAM method of transfer and replenishment at sea. 
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ship to a combatant ship is accomplished by 
the modified housefall, vertical replenishment 
(VertRep), or Ram Tensioned Highline (RTHL). 

MISSILE HANDLING PRECAUTIONS 

When involved in missile handling, you must 
ensure that approved local safety regulations 
(whether aboard ship or elsewhere) are carried 
out to the letter. Detailed precautions must be 
observed, and specific instructions must be fol¬ 
lowed with each type of guided missile. These 
are given in the technical publications pertain¬ 
ing to a particular missile. 

Basic Precautions 

You must see that work areas are kept clear 
of obstructions, loose cables, hose, and unneeded 


equipment during missile assembly and testing. 
Only those persons engaged in the work in 
progress should be permitted in the work area 
or in the vicinity of the missile at these times. 

Be especially careful around explosive units. 
All rocket motors and explosive units must be 
handled in strict accordance with standard Navy 
practices for ordnance materials. 

Use only authorized handling equipment for 
missiles, missile sections, components, shipping 
crates, and containers. Also be certain that all 
electrical equipment used in missile handling op¬ 
erations is adequately shielded and grounded to 
prevent electric shock. 

During crating and assembly operations, be 
careful of sharp edges which are often present 
on nose assemblies, wings, and tail fins. After 
assembly, all dangerously sharp edges should be 
covered with guards. Tools used for uncrating 
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Figure 4-6. —Tartar/Terrier transfer dolly. 
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missile components during assembly must be of 
the type specified in the missile handling OPs. 
Never attempt to force any unit. If a unit does not 
fit properly, determine the cause and correct 
it before proceeding. 

Missile Handling Dos and Don’ts 

• Be sure all arming indicators are SAFE. 

• Keep loaded metal containers grounded. 

• Make sure slings, hooks and handling 
bands are installed properly and at their proper 
locations. 

• Return any missile that has physical 
damage or an expired service date. 

• Return any container of explosive items 
that has been dropped 6 feet or more. 

• Do not bypass safety devices at any time. 

• Do not onload missiles and boosters faster 
than they can be struck down. 


• Do not remove guardrails while rounds 
are being moved into or out of magazines. 

• Do not release missile, booster, or weapon 
from one piece of handling gear until posi¬ 
tively secured in the receiving handling gear. 

• Do not unpack explosive components if the 
container has been dropped or if the container 
has sustained excessive damage. 

• Do not store boosters with the forward 
end lower than the aft end. 


GUIDED MISSILE TESTING 

The TARTAR, TERRIER, STANDARD, and 
Point Defense missiles are considered as 
“wooden rounds” and are not tested aboard ship. 

Even though you may find yourself in a NO¬ 
TEST environment, this will not eliminate your 
need to understand missile testing concepts. All 
missiles are tested at the designated Naval 
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Weapons Station (NWS) prior to transfer to the 
fleet. 

GUIDED MISSILE TEST SET 

Special test sets have been developed for each 
specific missile system. The Guided Missile 
Test Set (GMTS) programs the missile through 
a simulated flight sequence, comparing missile 
response to known standards. A missile systems 
test is made up of a number of individual tests 
of the different circuits in the missile. The 
final result of the test is a GO or NO-GO indi¬ 
cation of missile overall condition. Light indi¬ 
cations are used to determine the passing or 
failing of specified test. A GO indication at the 
end of a test means the missile is flight-ready. 
A NO-GO condition indicated by the fault lights 
shows the missile failed the test. The particular 
lights involved designate which assemblies in the 
missile should be repaired or replaced. After 
correcting the discrepancies, the missile is re¬ 
tested. 

CONDUCT OF TEST 

The test is accomplished by sending a pre¬ 
determined sequence of simulated control and 
guidance signals, in the form of radar energy, 
to the beam-rider or homing sections. These 
radar signals produce correction signals in the 
missile which will cause the missile to respond. 
By picking off the outputs of various circuits, 
it can be determined easily whether or not the 
control surfaces are responding correctly to the 
known input signals. This process of comparing 
the actual results against expected results is 
referred to as “open loop” testing. 

GMTS SECTIONS 

For explanatory purposes, the Guided Missile 
Test Set (fig. 4-7) may be broken down into four 
sections: 

1. Signal generator 

2. Program section 

3. Evaluation and indication section 

4. Power supply section 

(The test set components to be discussed are 
typical of those you will use, but should not be 
considered representative of a GMTS for a 
specific missile. The description and operation 
of the GMTS for your particular system should 
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Figure 4-7. — Guided missile test set. 


be obtained from the technical manuals at your 
station.) 

Signal Generator 

The signal generator section of the test set 
is controlled by the program section. It pro¬ 
vides a simulated radar beam like the one 
which the missile would normally receive during 
flight. This simulated radar signal is identical 
to the missile guidance radar output except that 
the simulated signal has a lower power level. 
To produce error signals in a beam-rider missile 
the radar energy is amplitude-modulated in 
various AM/FM phase relationships so that the 
missile can be tested under more than one error 
condition. 

Errors are developed in homing missiles by 
applying the radar signals at different angular 
positions with respect to the homing antenna 
system. 

The signal generator of the GMTS for a 
beam-rider missile must simulate the output of 
a pulsed radar. The pulse generator produces 
frequency-modulated video pulses which are fed 
to a modulator tube. RF energy from a klystron 
is also fed to the modulator and is modulated 
by the pulses. Amplitude modulation of the output 
can be obtained by varying the bias on the modu¬ 
lator tube at the desired rate. Different phase 
relationships of the amplitude and frequency 
modulations of the pulses will simulate various 
missile angular position errors. The amount of 
amplitude modulation can be varied to simulate 
different missile distances from the radar beam 
nutation axis. 

Homing missiles must also be provided with 
radar signals similar to those which the missile 
would normally receive in flight. Continuous 
wave RF energy is frequency-modulated to pro¬ 
duce the desired effect. A number of different 
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modulating frequencies are used in the test set 
to simulate various target closing rates to the 
missile's homing seeker. The missile control 
system should respond as it would in flying to 
intercept a target. 

The signal generator also feeds signals into 
the missile which simulate accelerometer and 
gyro outputs which could normally be expected 
in flight. Since these instruments are not actu¬ 
ally displaced during testing, the simulated signals 
are used to check the responses of their associated 
circuitry. 

Program Section 

The program section of the GMTS controls 
the operation of the testing equipment and missile 
during tests. The programmer itself may be a 
bank of cam-operated microswitches, a tape 
reader, or tape transmitter. In any case, the 
programmer energizes relays at certain times 
during the test, activating missile and test 
set functions in a predetermined sequence. The 
test set functions may be in the program section, 
signal generator, or evaluation and indication 
section. 

The programmer controls itself in that it 
starts, stops, and resets automatically in ac¬ 
cordance with its own signals. 

In the signal generator, the program section 
controls such things as: 

1. Selection of the amount of amplitude modu¬ 
lation of the RF pulses to the beam-rider receiver. 

2. Selection of various AM/FM phase rela¬ 
tionships of the RF signals furnished the beam 

rider. 

3. Selection of various FM signals used to 
produce different closing rates for a homing 

seeker. 

4. Cutting in and out simulated gyro, ac¬ 
celerometer, and other signals to the missile. 

The program section controls the following 
test functions in the evaluation and indication 
section: 

1. Selection of the missile signal to be tested. 

2. Selection of signal attenuation. 

3. Setting up high and low tolerance voltages 
for the comparator. 

4. Sequence of test and reset of circuits for 
each individual test. 


Missile functions controlled by the program 
section are: 

1. Cutting in and out power to the missile. 

2. Energizing and denergizing relays in the 
missile in the proper sequence. 

3. Completing various circuits in the missile 
at the appropriate times. 

Evaluation and Indication Section 

The evaluation and indication section of the 
test set provides indications of the test results. 

The results are displayed by On-Off test (fault) 
lights. If there is more than one test associated 
with a particular fault light, all must pass suc¬ 
cessfully to get a GO indication. For example, a 
beam-rider receiver is tested under numerous 
AM/FM phase relationships which control one 
fault light. Each one of these tests must pass 
within set tolerances or the light will indicate 
that all failed. 

The test set evaluator is made up of a relay- 
controlled limit voltage selector and a compar¬ 
ator. High tolerance and low tolerance (limit) 
voltages are fed to the comparator along with 
the missile signal being tested. If the signal 
voltage remains within the two limit voltages, the 
comparator will provide a GO indication to the 
indicator section. If the test fails, the compara¬ 
tor will send a signal to the indicator section 
which will cause a NO-GO indication. 

The evaluation and indication section is also 
provided with an electronic (vacuum tube) volt¬ 
meter for monitoring missile or test set voltages. 

The test set can be controlled manually so that 
selected missile signals may be read on the 
voltmeter. The meter is a valuable aid in trou¬ 
bleshooting the missile and the test set. 

Power Supply Section 

The power supply section furnishes the 
required power for operation of the GMTS. The 
critical d-c voltages must be regulated, and 
the alternating current must be frequency-sta¬ 
bilized. Adjustments are provided on the power 
supply units to meet these requirements in daily 
checkout procedures. 

FUZE TESTING 

As you know, many missiles use radio prox¬ 
imity fuzes to detonate high explosive warheads. 
These fuzes are fragile and must be tested upon 
receipt at the GMMD to determine whether they 
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were dam aged in shipment from the manufacturer 
or the launching installation. The GMMD has a 
fuze tester for each type of fuze handled. Fuzes 
are also tested with the GMTS at the launching 
activities as one of the functional tests of the 
missile. 

At the GMMD the fuze is given continuity 
checks, a static test, and a dynamic test. Con¬ 
tinuity and resistance checks are performed on 
various pins of fuze connectors to ensure that all 
circuits are complete. The static test checks 
voltages at pin connections with the fuze ener¬ 
gized. For the dynamic test; a target simulator 
generates signals similar to those which the fuze 
would sense during an actual flight. 

Fuze cables are checked for shorts and 
insulation breakdowns with a megohmmeter. This 
check is important as a short circuit could 
cause the fuse to activate prematurely and 
detonate the warhead before time of intercept. 

The GMTS aboard ship can also be used to 
check a few of the more important voltages and 
currents in the fuze under static conditions. If 
the fuze fails any of these tests it should be 
replaced. Faulty fuzes should be returned to 
the GMMD for disposal. For ease of mainte¬ 
nance, a service log accompanies each fuze from 
the time it leaves the manufacturer until it is 
expended. Each activity that handles the fuze is 
required to fill in the log when a test is per¬ 
formed on it. 

GENERAL PURPOSE TEST EQUIPMENT 

In addition to specialized missile test devices, 
numerous types of general purpose instruments 
are used by Missile Fire Control Technicians. 
Some of these equipments are used in conjunction 
with the GMTS, while others may be used independ¬ 
ently. This equipment consists mainly of elec¬ 
tronic and electrical test sets and meters. General 
purpose test equipment will be covered in chapter 
12 of this training manual. 

GMTS SIGNAL CHARACTERISTICS 

The signal generator of the GMTS provides 
signals that are representative of the signals 
that the missile is expected to receive in flight. 
The missile will respond to these signals when 
they are applied in the appropriate manner. In 
order to obtain the proper response, which will 
be carefully measured, the missile, GMTS signal 
generator, and the guidance radar must be in 
accord with respect to frequency, phasing, and 
coding. 


Obviously the missile must be capable of 
receiving the transmitted frequency of the 
guidance radar. Just as obviously, the signals 
produced by the GMTS signal generator must be 
at the same frequency. 


SYSTEM OPERABILITY TEST 

System operability test are conducted on a 
daily basis (DSOT) to assess the readiness of the 
weapon control system to complete a successful 
engagement. During the tests, a significant amount 
of equipment and system alignments are checked. 
For the most part, the checks are accomplished 
by observing summary or end-point indications. 
This method enables the validation of many para¬ 
meters with a minimum number of observations. 
Should an error be detected during the tests, 
fault isolation procedures are followed to localize 
the problem to either a piece of equipment or 
to an interface. 

TARTAR OPERABILITY TEST 

The TARTAR DSOT refers to a semiautomated 
test which uses special instrumentation to chal¬ 
lenge the system, to compare the response to 
a standard, and to identify those responses that 
are beyond the predetermined acceptable limits. 

The TARTAR DSOT is a coordinated exercise 
of the weapon system employing the same sequence 
of operations found in an engagement. The time 
required to perform a DSOT i6 under 30 minutes 
and will evaluate systems performance in the 
following areas: 

• Accuracy of the designation process 

• Accomplishment of the acquisition pro¬ 
cess 

• Adequacy of the fire control system 
dynamic tracking and the accuracy of the fire 
control system solution for three-dimensional 
moving targets 

• Dynamic accuracy of launcher response 

• Response of the launching system and a 
simulated missile to the prefiring command. 

DSOT Equipment 

Accurate weapons system performance de¬ 
pends upon proper functioning of complex, 
specialized components of the system. Conse¬ 
quently, special test equipment is required to 
check the system and its components. (See 
figure 4-8.) 
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Figure 4-8. — TARTAR DSOT equipment. 


System Dynamic Tester 

The System Dynamic Tester (SDT) Mk 37 
in conjunction with Test Set Mk 474 performs 
daily system operability tests on Guided Mis¬ 
sile Fire Control System Mk 74 to check des¬ 
ignation accuracy, acquisition, track, missile 
orders, and launcher orders. 

Simulation of the fire control system track¬ 
ing loop can be generated for each of the equip¬ 
ment subsystems in any combination by the SDT. 
It is possible, therefore, to isolate a cause 
of trouble to one of the subsystems with a 
minimum number of test runs. In the digital 
TARTAR systems the function of the SDT is 
performed by the missile fire control computer. 

Test Set Mk 474 

This test set provides simulated moving 
target rates to test the designation, acquisition. 


and track accuracy of the fire control radar 
under dynamic conditions. 

Though normally the Mk 474 test set is used 
in conjunction with the SDT for DSOT, it may 
also be used independently to conduct a detailed 
test of the radar parameters. 

TERRIER OPERABILITY TEST 

The integrated weapons system is capable 
of operating in several different test modes: 
Digital Daily System Operability Test (DDSOT); 
Dynamic Test Panel System Operability Test 
(DADSOT); RF correlation test; NTDS/WDS end- 
round test; SPS-48 interface test, overall system 
alignment test; and on-line system monitoring. 
In addition, digital shore/surface, casualty, and 
firing safety readiness tests are provided as 
part of the overall test program. 

The integrated weapons system aboard modern¬ 
ized TERRIER ships features the most compre¬ 
hensive testing and maintenace program. This 
testing program is designed to provide more 
realtistic system testing and rapid fault isolation 
under both dynamic and static conditions. 

The DDSOT mode provides test coverage of 
the TERRIER weapon system parameters under 
control of a program stored in the NTDS/WDS 
Format Control Unit, a general-purpose digital 
computer which initiates testing, and processes 
fire control system repeatback quantities. The 
format control unit provides for dynamic sys¬ 
tem testing while a major portion of the NTDS 
remains operational. Rapid fault isolation is 
facilitated by an NTDS data display group PPI 
console, which is used to control and monitor 
all phases of the DDSOT. System performance 
can thus be evaluated and rapid fault isolation 
performed under dynamic conditions. Provisions 
are also made for on-line monitoring of exercise 
firings. 

Accurate missile weapon system performance 
depends upon the precise functioning of complex, 
specialized components of the system. Conse¬ 
quently, special test equipment is required to 
check the system and its components. (See 
figure 4-9.) 

Signal Converter Mk 58 

Signal Converter Mk 58, located in the IC, 
gyro, and missile plotting room, is used pri¬ 
marily during Digital Daily System Operability 
Tests. The signal converter converts the computer 
missile order output signals to a format accept¬ 
able for entry into the NTDS digital computers. 
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DYNAMIC TEST PANEL 
MK 303 MOD 0 



Figure 4-9. —TERRIER DSOT equipment. 
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It can also be used during fire control computer 
troubleshooting and for data collection during 
exercise firings. 

Dynamic Test Panel Mk 303 Mod 0 

The dynamic test panel (DTP), located in 
the IC, gyro, and missile plotting room, pro¬ 
vides backup analog test capability for each 
guided missile fire control system. The DTP 
also test missile weapon system performance 
under dynamic conditions. System performance 


is monitored by dial observation and recording 
of key functions for subsequent comparison with 
desired test results. 

Guided Missile Simulator 

This unit, located either in the TERRIER 
Training Round (TSAM) or inside the launching 
system deckhouse, provides electrical load cir¬ 
cuits that simulate the loads presented by the 
various TERRIER missiles during periods of 
warmup, power changeover, and simulated firing. 
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Lamps and meters are used to check the trans¬ 
mission of missile orders and operation of the 
launcher firing circuits. 

TALOS OPERABILITY TEST 

The purpose of the daily operability test, which 
is known as the Weapon System Test (WST) 
on some ship installations and Anti-Aircraft 
Mode Weapon Parameters (AWP) test on other ship 
installations* is an assessment of system readi¬ 
ness to engage short-and long-range air tragets, 
using specified setup and operating procedures. 
The tests provide interface checks of various 
system operational and functional modes, sub¬ 
modes, and related system circuits, such as 
Interface checks of search radar-to-weapon 
direction equipment (NTDS/WDE); fire control 
radar and guidance transmitter parameters; me¬ 
chanical and electrical alignment of directors, 
guidance transmitters, and launchers; and des¬ 
ignation and interdirector designation accuracy. 
These tests are designed to check only key 
parameters of the weapon system. Many para¬ 
meters are closely checked to ensure that they 
lie within specified tolerances, while some, such 
as the general pulse characteristics of the fire 
control radars, are given qualitative checks. 

As an exmple, the AWP test setup evaluates 
weapon system operability by simulating an 
engaged target in a manner similar to an actual 
engagement. Realistic events are sequenced for 
observation, appropriate operator response, re¬ 
cording, and evaluation. 

Target data processing during the AWP test 
is effectively the same as that for tactical 
tracking except for the addition of automatic 
event sequencing for target and beacon video. 
H This test exercises a simulated TALOS mis- 
' sile flying against a simulated NTDS or WDE 
designated medium speed, long range target; or a 
simulated dual missile salvo flying a traverse 
rate program against a simulated NTDS or WDE 
designated high speed, close range target. Also, 
Initial missile beacon fading and terminal phase 
target fading exercises system interfaces and 
operator proficiency. 


SAFETY 

Your duties as a Missile Fire Control Tech¬ 
nician require constant vigilance in the observance 
• of safety precautions. These safety precautions 
S include those concerning electrical and electronic 


equipment, work involving the handling of ex¬ 
plosive ordnance material, work in the vicinity 
of equipment capable of starting fires or gen¬ 
erating toxic gases, work done on high pressure 
hydraulic and pneumatic systems, and work done 
with small power tools. 

In this chapter we will look at safety in terms 
of ordnance and fire control system operation. 

General safety precautions and basic first 
aid treatment relating to electricity, electronics, 
and hand tools are discussed extensively in 
chapter 14, Trouble Isolation and General Main¬ 
tenance. 

Because of the many specialized devices you 
will uste, and because of the potential hazards 
in your work, you should consider the formation 
of safe and intelligent work habits as being equal 
in importance to the development of technical 
knowledge and skills. You should always strive to 
exhibit the attitudes and practices which are 
characteristic of “safety-mindedness”. One of 
your objectives should be to become a safety 
specialist, trained in recognizing and correcting 
dangerous conditions and in avoiding unsafe 
actions. As a Petty Officer you are obligated, 
and expected, to pass on to your junior men 
the safety knowledge and experience you have 
acquired through your own training and to de¬ 
monstrate good safety habits. 

Each Missile Fire Control Technician is 
expected to observe all of the safety precautions 
set forth in local directives, in equipment main¬ 
tenance manuals, and in Naval Ordnance Sys¬ 
tems Command Ordnance Publications (OPs) and 
Ordnance Data (ODs). 

SAFETY PHILOSOPHY 

In a study of safety precautions, it is dif¬ 
ficult to cover every possible situation that may 
arise and which, if improperly handled, may 
produce serious results. However, if a thorough 
understanding of the basic ideas behind the pre¬ 
cautions is developed, unsafe conditions can be 
recognized and corrected and, further, suitable 
action can be taken instinctively when the un¬ 
expected occurs. 

/ 

The actions and attitudes which are to be 
carefully avoided are carelessness, noncompli¬ 
ance with procedures, lack of alertness, dis¬ 
organized hast, ignorance, and over confidence 
in the performance of your duties. 

In addition to system manuals and publications 
which contain safety precautions applicable to a 
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specific system, a partial list of ordnance pub¬ 
lications concerning safety of interest to FTMs 
would include the effective edition of: 

United States Navy Ordnance Safety Pre¬ 
cautions (NAVORD OP 3347) 

Ordnance Safety Precautions, Their Origin 
and necessity (NAVWEPS OP 1014) 

Ammunition Afloat (NAVORD OP 4) 

Ammunition ashore (NAVORD OP 5) 

Radio Frequency Hazards Manual (NAVORD 
OP 3565/NAVAIR 16-1-529) 

GENERAL SAFETY PRECAUTIONS 

Even though the guided missile and the mis¬ 
sile fire control equipment is complex in opera¬ 
tion and uses propellants and explosives, the 
handling and testing are relatively safe when the 
proper equipment and procedures are used. 

All operations should be performed carefully, 
methodically, and without hurrying. Greater effec¬ 
tiveness in the assembly and launching of the 
missile will be developed by increased famil¬ 
iarity of your assigned duties. During any missile 
handling operation, if a malfunction occurs or an 
incorrect indication appears, STOP the operation 
immediately and determine whether or not it 
is safe to proceed. Before performing any step 
in a procedure be sure that the preceding step 
has been properly executed and the correct 
results obtained. 

Cleanliness and good housekeeping in all 
working areas are major factors in effective 
accident prevention. Tools and equipment should 
be maintained in good working order and should 
always be returned to their proper storage 
places after usage. 

Safety devices found on mechanical or elec¬ 
trical systems are put there for your protection 
and the protection of the equipment. These devices 
must be maintained in good order and operative 
at all times. You should never remove safety 
devices or bypass them unless specifically author¬ 
ized. Where safety devices have been rendered 
inoperable by proper and specific authorization, 
adequate notices shall be posted to warn person¬ 
nel of the potential hazard. 

Avoid the use of flammable or toxic cleaning 
fluids such as gasoline, benzine, ether, and 
alcohol. The use of carbon tetrachloride is 
prohibited. 

Precautions With High Pressure 
Fluid Systems 

As you know, missile control systems contain 
power sources which involve the use of ac¬ 
cumulators charged from gas bottles, or 


cylinders, containing compressed air or nita 
gen. The high pressures involved make it negj 
sary that extreme caution be exercised by pj 
sonnel in charging the accumulators and gt 
bottles, and in handling the containers in whjj 
the gases are stored. The following are son 
basic precautions regarding pressurized gj 
containers. •: 

1. When charging gas bottles, be sure & 
all personnel not required for the work ^ 
cleared from the area. Also ensure that proqe 
protective equipment (including goggles) is won 
by all persons during charging. 

2. Never drop gas cylinders or permit thei 
to strike each other. 

3. When returning empty cylinders, be 8|tf 
that all valves are closed, that valve protect^ 
caps are in place, and that the proper residue 
pressure is maintained. 

4. Do not tamper with any safety device o 
valve in the container or the associated equip 
ment. 

5. Do not refill any container with gas unlefl 
such action has been specifically approved, an 
then only in accordance with explicit instruction! 
EXPLOSIVE MIXTURES MAY BE FORMED I 
CYLINDERS CONTAINING TRACES OF COM 
BUSTIBLE GASES WHEN THESE ARE RE 
FILLED WITH COMPRESSED AIR. 

6. Do not use regulators, pressure gage* 
manifolds, and related equipment designed for 
particular gas on cylinders containing a differei 
gas. 

7. Never discharge a cylinder into any devic 
or equipment wherein the gas will be entrappp 
and build up pressure, unless the cylinder^ 
equipped with a pressure regulator or simila 
safety device. 

8. Use soapy water when testing for leak 
in a gas container. 

9. When it becomes necessary to drain cyl 
inders containing toxic or irritant gases, 1) 
sure that there is no possible hazard to personne 
or property. For these operations, ensure tha 
personnel are provided with protective clothing 
goggles, and breathing masks. 

Accumulator Handling and Charging 

Accumulator units in hydraulic systems mus 
be charged with dry air (or nitrogen) and hy¬ 
draulic fluid in strict accordance with the pro¬ 
cedures given in the missile technics 
publications. Never charee an accumulator wit! 
oxygen since that gas is highly explosive. A1 
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hydraulic fluid and air charges must be dis¬ 
charged from accumulator units before hydraulic 
sections are removed from a missile. 

Before applying test pressures to the missile, 
be sure that all air and hydraulic connections 
are well secured. Loose connections are, of 
course, dangerous since escaping gases could 
cause serious injury and damage. Make sure 
that all missile ground wires are in place before 
starting a test, and, by all means, keep your 
hands away from wings and fins when the control 
section of the missile is energized to avoid 
Injury from moving surfaces. 

Before hydraulic units are put into operation, 
be sure that all personnel not needed in the 
process are cleared from the area. Upon com¬ 
pletion of systems tests be sure that the air and 
hydraulic supplies have been turned off and bled 
BEFORE removing the lines from the missile. 
Keep the hands and other parts of the body well 
dear of exhaust streams when working with test 
equipment employing high pneumatic pressures. 

ORDNANCE PRECAUTIONS 

Missile ordnance materials include rocket 
motors, igniters, fuzes, warheads, boosters, etc. 
All of these units are potentially dangerous. They 
must be handled in accordance with the specific 
procedures authorized in the appropriate publi¬ 
cations, The following precautions are to be ob¬ 
served in addition to the detailed directions given 
in the missile technical manuals. 

1. All safety devices provided in ordnance 
Units must be used exactly as designated. Every 
effort should be made to keep these in proper 
operating condition at all times. 

2. Changes, modifications, or additions to 
ordnance items may be made only upon explicit 
direction from the Naval Ordnance Systems 
Command. 

3. No explosive assembly is to be used in 
any way except that which is designated by the 
proper authority. 

4. Electric igniters, VT fuzes, detonators, 
and electrically fired rocket motors must be 
carefully protected from radiofrequency emis¬ 
sion. None of these units should be exposed 
within 5 feet of any operating electronic trans¬ 
mitting equipment, including antennas and an¬ 
tenna leads. When the transmitting apparatus 
is a part of authorized test equipment or is a 
part of the weapons system, special instructions 
concerning its operation must be followed. No 
danger exists, however, from radiofrequency 


potentials with detonators of any type while they 
(the detonators) are completely enclosed in metal 
containers. 

5. Warheads and fuzes must be protected 
from abnormally high temperatures. If exposed, 
they must be handled in accordance with current 
instructions of the bureau concerned. 

6. Normally, warheads are issued unfuzed. 
Fuzes shall not be inserted until just prior to 
flight time. Fuzing shall not be accomplished 
near a magazine, but may be accomplished in 
handling rooms or spaces specially designated 
by competent authority. When fuzing takes place 
missiles should be isolated from other ammuni¬ 
tion as far as is practicable. 

7. Be sure that the missile airframe is well 
grounded electrically at all times. Before con¬ 
necting igniters in rocket motors, check the 
firing leads for stray or induced voltages and for 
static charges. 

8. Before handling any piece of ordnance 
material, inspect the safety device to be sure 
that it is in the SAFE position. If not, the unit 
must be made safe by experienced personnel 
before further work is carried out. 

9. Before installation in rocket motors, the 
igniter should be inspected to see that the case 
and safety switch are free from damage. If 
damage is found, the entire assembly should be 
rejected. 

10. Safety pins in fuzes, or any other device 
requiring removal or adjustment before flight, 
must be removed or adjusted only after the 
missile has been placed on the launcher. 

11. Missiles not expended on live runs must 
be made safe at the first opportunity in accord¬ 
ance with current instructions for the various 
ordnance assemblies. 

12. No motor assembly that has been dropped 
should be fired. 

13. Disposal of rejected motor assemblies 
must be made in exact accordance with local 
regulations governing the particular type of unit. 

14. Never use power tools for any work on 
the motor, nor apply heat to it or to any associ¬ 
ated component. 
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15. Some rocket motors can be ignited by 
static charges carried by personnel or built up 
on ungrounded equipment. Be sure that the motor 
case is grounded during all handling operations. 

16. In case of rocket motor misfire, person¬ 
nel must not approach the rocket for at least 30 
minutes, or until the firing circuits are known 
to be open. 

17. If it is learned during handling that any 
motor or booster is in the armed condition, the 
unit must be disarmed before proceeding with 
further activity. 

Missile Component Stowage 

A storeroom for stowage of missile com¬ 
ponents and a magazine for the stowage of 
missile warheads are normally located below 
decks and below the checkout area. The mag¬ 
azine and the storeroom may be connected to 
the checkout area by a trunk and/or hoist. 

The location of the stowage spaces varies 
with the type of ship and the missiles carried. 
If you have missiles (Terrier and Talos) that have 
wings and fins to be installed when preparing 
for firing, the wings, and fins are stowed in 
racks in the loading area of the launching sys¬ 
tem. Tartar missiles have their wings attached 
and folded, so there is no need for separate 
stowage, except for spare parts. A dumbwaiter 
type of elevator operated by an electric hoist is 
used to move the spare parts to or from the mis¬ 
sile component storeroom. 

Stowage Precautions 

Classes of dangers can be grouped as general, 
personnel, mechanical, electrical, and explosive. 
To these we might add danger from liquid fuels, 
and danger from radioactive material. The fol¬ 
lowing are a few specific precautions to review. 

A. Missiles and components must be securely 
fastened in storage, stowage racks, and magazine 
ready service rings. 

B. ALWAYS inspect handling equipment before 
using. 

C. Missiles and components must NOT be 
placed in or removed from stowage racks and/or 
areas without using the proper handling equip¬ 
ment. 

D. All arming devices must be in the SAFE 
position during stowage. 

E. Arming tools must be kept in a designated 
place at all times, except when in actual use. 


F. Ground wires must be attached to booster* 
and missiles in stowage, during check-out, an 
while being transported from one area to another 

G. Booster rocket components must be handle* 
with care. A cracked propellant grain coulg 
result in an explosion when ignited. 

H. Explosive and propellant components muq 
be stowed in approved magazines in which th< 
temperature range does not exceed the limitj 
specified by NAVORDSYSCOM. 

General Stowage Precautions 

A. All missile operation? must be in ac¬ 
cordance with shipboard safety precautions, 

B. Handling of sustainers, booster’s wal^ 

heads, and other propelling or explosive devicdl 
must conform with explosive handling practical 
aboard ship. * 

C. Only those personnel who are engaged ii 
the operation in progress should be permitted 
in the immediate area of the missile, 

D. Only approved nonsparking tools are to bf 

used in the vicinity of explosives or propellanl 
charges. ' 

E. Only the correct handling equipment is 

to be used for lifting missiles and their com¬ 
ponents. 1 

F. Electrical equipment must be shielded and 
grounded to prevent accidental ignition of pro¬ 
pellants or explosives or injury to personnel] 

G. Working areas must be clear of obstruct 
tions, loose cabling, hose, and unneeded equips 
ment. 

H. Electrical ignitors or detonators (boostei 
charges) shall not be exposed within 50 feet of, 
or stowed in any compartment with, any expose* 
electronic transmitting equipment, exposed an? 
tenna, or antenna lead, except where sud 
apparatus or antenna is part of a missile test 
set, or is an integral part of the missile con¬ 
cerned. 

I. Use extreme care in handling pressurized 
air hoses and couplings. Compressed air oao 
exert sufficient force to severely injure per" 
sonnel and/or equipment. 

FUELING PRECAUTIONS 

There are certain safety precautions whio]) 
you must observe when fueling a missile. Among 
these are the following: 

A. Before fueling the missile, check thq 
fuel system for damage of any kind. 

B. Keep the number of personnel to a mini-! 
mum during fueling or defueling. 
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C. No smoking in the fueling areas. 

D. Always know the tank pressure and the 
osltion of the fuel shutoff valve. 

• E. Never actuate the shutoff valve when the 
auk is charged. 

F. Check for any signs of fuel leaks during 

towage. 

G. Observe all safety precautions applicable 
d combustible materials. 

»NEUMATIC AND HYDRAULIC SAFETY 

Hydraulic systems operate under hydraulic 
iressures ranging from approximately 100 psi to 
1,000 psi. Some pneumatic systems operate in 
ipproximately the same range of pressures as 
ydraulics. These pressures are dangerous and 
san be hazardous to personnel. 

The following safety rules are but a few of 
he many that must be observed when operating 
>r working on hydraulic or pneumatic systems. 

A. Never disconnect hydraulic lines or dis¬ 
assemble hydraulic equipment when the hydraulic 
system power motor is running. 

B. Never disconnect hydraulic lines or dis¬ 
assemble hydraulic equipment until the accumu¬ 
lators have been manually dumped. 

C. Never manually actuate switches, 
solenoids, relays, or valves on hydraulic systems 
under pressure unless you are qualified to per¬ 
form these actions. 

D. Report hydraulic leaks immediately so that 
they may be repaired at the first opportunity. 

E. If clothing becomes drenched with hy- 
fouillc fluid, immediately change into dry clothing 
fer hydraulic fluid is injurious to health when 
in prolonged contact with skin. It is also a fire 
hazard. Immediately wipe up all spilled fluid. 

F. Do not direct a high-pressure air jet 
at any part of the human body; this may be fatal. 

Safety precautions must be observed when 
performing maintenance, testing, and operating 
ordnance hydraulic and pneumatic equipment. The 
high pressure liquid or air can cause major 
Injuries to your face, hands, and other parts 
<rf the body by jets of air or liquid escaping from 
▼lives or pipe connections which are highly 
pressurized. 

Don’t think that once you have learned all 
applicable safety precautions you can sit back 
and take things easy. Review them periodically, 
particularly those for jobs seldom performed. 
TTy to improve upon any rules in effect. Safety 
is everyone’s responsibility, not just those who 


drew up the regulations. Most accidents are 
caused by men who are so familiar with their 
job they think they can take short cuts; 
by men who don’t know the applicable pre¬ 
cautions; by practical jokers; or, in the majority 
of instances, by plain carelessness. 

HERO PRECAUTIONS 


The hazards of electromagnetic radiation to 
ordnance (HERO) problem has become acute. The 
number and variety of electrically initiated explo¬ 
sive devices are increasing rapidly. For example, 
some currently operational weapons contain more 
than 75 electroexplosive devices. Continuing de¬ 
velopment efforts are directed toward reducing 
weight and space requirements, lowering power 
requirements, assuring positive response, and 
increasing safety and reliability. However, these 
goals are not always complementary. 

At the same time, the power of communications 
and radar transmitting equipment i6 constantly 
being increased and the frequency spectrum 
broadened. The radiofrequency spectrum now used 
in the fleet extends from 10 kHz to about 20,000 
MHz. Transmitter power outputs extend to 10 kw 
at communications frequencies, and peakpower 
outputs extend to approximately 5 megawatts at 
radar frequencies. 

These trends produce situations which are in 
direct conflict with each other. On the one 
hand, transmitters and their antennas have only 
one purpose —to radiate electromagnetic energy. 
The initiating elements of ordnance devices need 
only to be supplied with the proper amount of elec¬ 
trical energy for an explosion to take place. 
Therefore, with many explosive ordnance items, 
certain precautions are required for safety and 
to insure reliable performance. 

To meet the growing need for new procedures 
to reduce the hazards to ordnance equipment 
from RF radiation, the Naval Ordnance Systems 
Command (NAVORDSYCOM) has sponsored tests 
which, coordinated with studies made by other 
agencies, have provided new guidelines and re¬ 
strictions for handling electrically initiated ord¬ 
nance equipment. 

The basic problem in determining an ordnance 
system’s susceptibility to RF radiation lies in 
the evaluation of the antenna like couplings that 
exist between radiating fields and the electro¬ 
explosive devices in the system. RF energy may 
enter a weapon as a wave radiated through a 
hole or crack in the weapon skin, or it may 
be conducted into the weapon by the firing leads 
or other wires leading into the weapon. 
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The exact chances of electroexplosive device 
firing are quite unpredictable, being dependent 
upon such variables as frequency, field strength, 
positional and directional orientation, environ¬ 
ment, and metallic contact with the weapon. 

The most susceptible period is during as¬ 
sembly, disassembly, loading, unloading, or test¬ 
ing in electromagnetic fields. The most likely 
effects of premature actuation are dudding, 
reduction of the reliability of the device, or 
propellant ignition. In extreme cases, there is 
a definite possibility of warhead detonation. 

Some specific safety precautions which the 
technician must observe with respect to these 
weapons and ordnance devices include the fol¬ 
lowing: 

1. Turn off all RF transmitters during weapon 
handling operation in the area. 

2. Observe all local and general safety and 
HERO restrictions. 

3. Maintain radar silence during assembly, 
disassembly, loading, unloading, or testing 
operations. 

4. Avoid exposure of ordnance devices to 
high power RF transmitters. 

FIRE CONTROL SYSTEM OPERATION 

Before you operate fire control equipment 
aboard ship, let up repeat that you should acquaint 
yourself thoroughly with the safety precautions 
provided in your system and equipment OPs. 


You must, also, become familiar with shipboaj 
safety regulations. You will be taught how ' 
apply many of these precautions while you ai 
learning to operate fire control instrumenl 
The following list of general precautions w 
assist you. 


1. Always inspect all training and elevatii 
areas to make certain that all persons are clea 
and that the areas are free of obstructioi 
before operating directors or missile launcher 

2. Always use warning bells before train!] 
or elevating launchers during routine work ai 
practices. 

3. Before securing directors and launch* 
always train and elevate them to their 
positions; place all controls in the inope] 
position, and deenergize all power supplif 

4. Slew directors and launchers only 
it is necessary during practices. 

5. All telephone stations should be mam* 
when operating systems automatically or ri 
motely. 

6. Notify all operators and persons concern 
before shifting a system to automatic. 

7. Never operate directors or launchers 1 

automatic without having the regular operatoj 
posted at their stations. ' 

8. Do not hesitate to stop any person frd 
operating fire control equipment if he may cau] 
a casualty to himself, the equipment, or to a] 
other person. 
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BASIC COMPONENT PARTS 


INTRODUCTION 



As a Missile Fire Control Technician, you are 
to be involved with equipment that is 
rate and complicated. All of this equipment 
components, basic in nature, that can be 
sified as mechanical, electromechanical, or 
rical. This chapter is a presentation of basic 
bmponent parts. 

. It is not intended, however, to highlight specific 
Jmponent parts of equipment that you may be 
oncerned with as a Terrier, Tartar, Talos or 
j^flic Point Defense FTM. Instead, the comments 
re directed toward components that are basic 
p all missile fire control systems. 

. After completing this chapter, you will have 
lined a knowledge of components that is essential 
pr the operation of equipment that you are 
psociated with as a missile Fire Control Tech- 
Ician. You will be able to apply this knowledge 
Sward analyzing the component parts of your 
hip’s particular fire control equipment. 

This chapter is divided into three sections. The 
Iret section is directed toward mechanical com- 
pnents, the second toward electromechanical, and 
lie last toward electrical components. The 
aaterial presented here is dependent upon Basic 
lachines . NavPers 10624-A and Basic Elec- 
riclty, NavPers 10086-B for principles applicable 
Dbaslc components. 


MECHANICAL COMPONENTS 


HAFTS 

Shafts provide a mechanical means of trans¬ 
mitting motion between units. There are two 
Mic types of motion: angular (rotary), and 
hear (translatery). Shafts can transmit either 
PPe of motion. A moving shaft can transfer 
Bergy from one point to another. For example, 
n a motor-generator set the motor' is coupled 
D the generator by a shaft. The torque produced 


in the motor is transmitted to the generator to 
rotate it at a definite speed. Of prime importance 
in this application is the number of shaft revo¬ 
lutions per unit of time. In this application 
the angular position of the shaft has no practical 
value. A shaft, however, can also transmit 
angular data. 

Among the first things you see when you look 
inside most of today’s missile analog fire control 
computers are mechanical modules which help to 
solve the missile fire control problem. These 
modules contain many shafts and gears. They 
are there for a specific purpose: to connect 
computing units and to position dials. 

The angular positions of the shafts that couple 
these computing devices represent actual quan¬ 
tities—degrees of an angle or yards or range. 
The amount of change in the transmitted quantity 
represented by one revolution of a shaft is called 
shaft value. The total value carried by a shaft 
is the shaft value multiplied by the number of 
revolutions made by the shaft from its zero or 
reference point. For example, the shaft value for 
bearing data in an instrument might be 10° per 
revolution. If the shaft made six and a half 
revolutions from its zero position, bearing in the 
instrument would be 65°. Shaft value is a design 
feature and can be made to represent any reason¬ 
able value. Generally speaking, however, ac¬ 
curacy decreases with an increase in shaft value. 
Shaft value is the ratio between shaft motion and 
the change in value of the quantity being trans¬ 
mitted. Later in this course we will discuss scale 
factor in a computer. The two terms have similar 
meanings. 

The accuracy with which a shaft can be posi¬ 
tioned depends in part on the resistance to shaft 
motion. In many installations the power avail¬ 
able is limited. This is particularly true in analog 
fire control computers where space and weight 
are critical commodities. Moreover, in servo- 
systems the power output is directly related to 
the error size. Thus as the shaft approaches 
the correct position the power is reduced. 
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Friction between moving parts must be held to a 
minimum. Shafts are mounted in ball bearings 
housed in carefully machined parts to reduce 
friction and to ensure as near perfect rotational 
alignment as possible. Misalignment between the 
rotational axes of a shaft line and its associated 
components will cause eccentric rotation which, 
among other things, will increase the resistance 
to motion. 

COUPLING DEVICES 

Coupling devices are used to mechanically 
connect shafts together to form a shaft line or 
gear train. Coupling devices are covered in 
Basic Machines , NavPers 10624-A. Therefore, 
our discussion here will be limited to their 
application in fire control equipment. As a 
connecting link between shafts, they provide a 
means to compensate for the misalignment 
between the axes of rotation of the shafts, and 
for end play in the shaft line. They also make it 
possible to adjust the rotational angle between 
the shafts. Coupling used in fire control equip¬ 
ment to connect shafts end-to-end are: the 
sleeve, the Oldham, the flexible, the universal 
joint, and the quick disconnect. 

Sleeve Coupling 

Figure 5-1 shows a plain sleeve coupling 
which consists of a simple metal tube or sleeve 
that receives the ends of two shafts it is to 
join, and is secured by set screws or pins so 
the assembly can turn as one. It is used to 
join two shafts that lie in the same straight 
line; that is, shafts that are very closely aligned 
with little need for disconnecting. 

Figure 5-2 illustrates a clamp type sleeve 
coupling, the sleeve of which is slit at each 
end. The slit ends enable the clamps to fasten 


SET SCREW 
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Figure 5-1.—Plain sleeve coupling. 




the sleeve securely to the shaft ends. When ti 
clamps are tight, the shafts are held firm 
together and turn as one shaft. They serve c 
a convenient device for making adjustments be 
tween units. 

Figure 5-3 depicts a mechanism which re 
ceives range, via a shaft, from a handcrank. ] 



SLEEVE COUPLING 



11(U 

Figure 5-3.—A coupling used to adjust a sha 

line. 


116 


Digitized by L^ooQle 





Chapter 5—BASIC COMPONENT PARTS 


»rt A of the figure, the range indicated in the 
nechanism does not correspond with that intro- 
hiced by the handcrank; there is a 50 yard off- 
jet. This condition can be corrected by loosening 
he sleeve coupling, rotating the mechanism shaft 
mtil the two range values agree, as in part 
3 of the figure, and then retightening the coupling, 

flange Coupling 

The flange coupling finds use on shafts which 
end to be pulled apart in operation, figure 5-4. 
i pair of flanges, secured to the ends of the 
ihafts by set screws, are pulled together by 
wits and nuts. Splines or keys are resorted 
o in the case of heavy duty drives. 


END DISKS ARE 
PINNED TO SHAFTS 



CENTER DISK 


COIL 

SPRING 



SPRING THROUGH LUGS 



)ldham Coupling 

i 

The important feature of the Oldham coupling, 
tamed for its inventor, is that it can be readily 
wnnected. It is used to join shafts that do not 
squire perfect alignment. You can see this 
feupling in figure 5-5. 

L The Oldham coupling has another use. As 
know, metals expand and contract with 



A 
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e 5-4.—A. Flange coupling; B. Spline on 


shaft. 


Figure 5-5. —Oldham coupling. 


changes in temperature. Because of its spring 
loading it also finds use as an expansion joint 
in long shafts. The Oldham coupling consists of 
a pair of disks, one flat and the other hollow, 
pinned to the ends of the shafts. A third disk, 
with a pair of lugs projecting from each face, 
fits between the shaft disks. The lugs fit into 
slots of the two end disks, and enable one shaft 
to drive through the disks to the other shaft. 

A helical or coil spring, housed within the 
center and hollow end disks, forces the center 
disk against the flat disk. With the coupling 
assembled on the shaft ends, a flat lock spring 
is slipped into the space about the coil spring. 
The ends of this flat spring are formed so that 
when it is pushed into place the ends spring out 
and lock about the lugs. A bent lock wire is passed 
between holes drilled through the projecting lugs 
to guard the assembly. It is a simple matter 
to remove the bent lock wire, withdraw the 
lock spring, compress the coil spring by pushing 
and sliding back the center disk, and discon¬ 
necting the shafts. Reinstallation requires no 
measuring or setting as the assembly fits quickly 
and smoothly into place. 

Flexible Coupling 

The flexible coupling shown in figure 5-6 
connects two shafts by means of a metal disk.. 
The coupling hubs are splined to the two shafts 
and are bolted to the metal disk. The flexible 
coupling can compensate for a slight misalign¬ 
ment of the shafts. 
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Figure 5-6. — Flexible coupling. 


Universal Joint 

A shaft line or gear train is usually put 
together in such a way as to turn corners to 
get around units, and so on. This requires the 
rotational axes of connecting shafts to intersect 
at an angle, rather than in a straight line. The 
universal joint (fig. 5-7A) is used to connect 
shafts that intersect at angles up to 25°. 

Quick Disconnect Coupling 

The quick-disconnect coupling (fig. 5-7B) is 
used where it is often necessary to remove a 
subassembly. The male or pinned shaft fits into 
the open slots of the sleeve. The sleeve is kept 
from slipping by a pin through the shaft and the 
closed slot in the sleeve. A spring holds the 
sleeve in place. To disconnect the shafts, the 
sleeve is merely pushed back against the spring 
pressure. 

Gears 

The devices most often used to couple shafts 
together are gears. Gears may also be used to 
change the angle of a shaft line’s rotation (fig. 
5-8); to reverse the shaft line’s rotary motion 
(fig. 5-9); to increase or decrease the speed of 
rotation and thus change the amount of rotation 
and the mechanical advantage of the shaft line 
(fig. 5-9); and, finally, to convert one type of 
motion, (linear, angular, etc.) to another (fig. 
5-10). As you can see, a gear is a very versatile 
basic mechanism. Gears are covered in Basic 
Machines , NavPers 10624-A. Be sure your under¬ 
stand the applications of each type of gear and 


PIVOT PIN 




Figure 5-7. —A. Universal joint; B. Quick' 
disconnect. 


the principles of gear ratio. You will need thi 
information in your study of many kinds of fir 
control equipment. 

LOST MOTION.— The tolerance for error 
in fire control equipment is very small. Sine 
many of the shaft lines carry angular dat 
which must be accurate to the nearest minut 
of arc, it is important that the gears fit accuratel 
and with a minimum of lost motion. A mechani 
cal device, in order to move, must have roor 
to move. Consequently, a small amount of spac 
is necessary between mating mechanical compo 
nents, such as gears, to allow them to move. Thi 
space results in lost motion. Lost motion 1 
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gure 5-8. —Angular change of shaft line axis. 


e distance the driver gear turns before the 
'iven gear begins to turn. This distance is 
died dead space. The total lost motion in a 
Mir train is the sum of the lost motion in each 
Jar mesh. Lost motion adds up to a consider- 
t)le error on a long shaft line with many gear 
leshes, figure 5-11. 

CLASSES OF GEAR FITS. —The dead space 
bviously reduces the accuracy of data trans- 
dtted by a gear train. In power transmission 
irstems, the dead space will cause backlash in 
le drive. Backlash results in a jarring or jerky 
eaction to sudden movements, or to a reversal 
f the motion. This is a particularly serious prob¬ 
an where the load has a large amount of inertia 
ue to its weight or velocity. 

The degree of accuracy required of a gear 
fain varies for different applications. In com- 
uters, the gears are meshed or fitted very 
losely to reduce lost motion. In other appli- 
*tion8 a specified clearance between the driver 
jd driven gears* tooth surface is allowed, 
te will list a representative group of classes 
f gear fits used in the assembly of a fire 



Figure 5-10. —Angular to linear motion. 


control instrument. The clearances for the dif¬ 
ferent classes represent a compromise between 
accuracy and other operational characteristics. 

A CLOSE FIT has a very high percentage of 
the driver and driven gear’s tooth surface in 
actual contact. This fit i6 used in computing 
instruments because it has a minimum of lost 
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(LOST MOTION) 
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READY TO DRIVE. 
NO LOST MOTION 
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Figure 5-9. — Gear ratio. 
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Figure 5-11. — Lost motion. 
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motion. Gears so fitted should turn smoothly, 
but may require an additional torque due to 
the friction caused by the large area of contact. 
The mesh between gears in this class of fit is 
critical. If the gears are meshed too closely, 
the line will jam. A loose mesh, on the other 
hand, will introduce lost motion. 

A RUNNING FIT has some dead space. There 
is a clearance between adjacent surfaces of 
approximately .001" to .002". In a gear mesh, 
the stated clearance is equal to half the lost 
motion which may be accumulated by loading 
the gear. 

A CLOSE RUNNING FIT is midway between 
a close fit and running fit. This is the normal 
fit used in the assembly of fire control instru¬ 
ments unless another class is specified. 

A FREE FIT has a clearance of approxi¬ 
mately .003" to .005" between mating tooth 
surfaces. This fit is not critical, and can be 
determined by “feel.” 

A FREE RUNNING FIT is midway between a 
running fit and a free fit. It has approximately 
.002" to .003" clearance between surfaces. 

LOST MOTION TAKEUP SPRING. —Once a 
shaft line is turned, all the dead space between 
the gears is removed in the direction of rotation. 
With the dead space gone, there is no more lost 
motion in this direction. A lost motion takeup 
spring removes the dead space by holding the 
driving gear teeth firmly against one side of 
the driven gear teeth. The usual form of takeup 
spring (fig. 5-12) has one of its ends attached 
to a mounting plate or to the machine housing 
or base plate. The other end is attached to 
a clamp fixed on the shaft. The clamp is generally 
set in place between spacers, the latter pinned 
in place. The spacers prevent the clamp from 
being pulled along the shaft when the spring 
tension is being adjusted. Spring pressure applies 
a torque to the driving gear both while the 
shafts are turning and while they are stationary. 
Spring adjustment can be made by loosening the 
clamp to wind or unwind the spring, depending 
upon whether an increase or decrease in spring 
tension is desired. The takeup spring shown in 
figure 5-12 is used with shaft lines that have a 
limited amount of rotation. Other takeup springs 
may be mounted for use with shaft lines with 
unlimited rotation. 

TAKEUP UNIT. —A takeup unit that uses aflat 
or clock type of spring is used when a short 
shaft prohibits employment of the spiral takeup 
spring, figure 5-13. In this unit one end of the 



Figure 5-12. — Lost motion takeup spring. 
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Figure 5-13. —Takeup unit. 


spring is secured to the housing. The othei 
end of the spring, pierced with a hole, is slippec 
over a pin on the cap of the unit. Spring adjust¬ 
ment can be accomplished by loosening the 
clamp and turning the cap to the desired position, 
reclamping to retain the particular tension, 

VERNIER GEAR CLAMP. —A vernier geai 
clamp is used to provide a fine adjustment foi 
positioning a gear on a shaft. The vernier per¬ 
mits the gear to be turned very small amount! 
relative to its shaft. 

The components of the vernier gear cl&mi 
are depicted individually in figure 5-14. Assembly 
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WORM 



SPRING 
BLOCK 

SET SCREW 
(AGAINST SPLINE) 


is accomplished by slipping the sleeve, with 
integral splines, on the shaft. The spur and worm 
wheel component fits on, and can turn on, the 
sleeve. The block is formed to fit the sleeve 
and its splines. One set screw (or more), bearing 
on the spline, holds the block securely on the 
sleeve. A clamp is used to secure the sleeve 
to the shaft. 




We can secure an approximate or rough 
setting of the spur gear by loosening the clamp 
and revolving the assembly on the shaft to the 
initial position. The clamp is then tightened. Ma¬ 
nipulation of the worm adjustment will very 
accurately position the spur gear relative to the 
shaft. The worm adjustment screw has a flange 
and, when proper setting is secured, is held in 
this position by the head of another screw called 
the worm screw lock. End-shake of the worm 
is eliminated by a bent washer spring under 
a collar on the end of the worm. This serves 
to hold the worm and worm gear in close mesh 
to eliminate lost motion and hold the accurate 
adjustment. 


ASSEMBLED 
VERNIER GEAR 
CLAMP 
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Figure 5-14. —Vernier gear clamp. 


HOLDING FRICTIONS 

Gear trains employ holding frictions (fig. 5-15) 
to keep a desired shaft value, which has been 
manually set in, from moving during normal 
operation. 



167.46 

Figure 5-15.—Holding friction. 


A typical example is composed of two blocks 
of bakelite which are pivoted at one end and 
notched at the other, and provided with an ad¬ 
justing screw. Adjustment of these holding 
frictions is straight-forward; adjust the screw 
until the pressure exerted on the shaft is suf¬ 
ficient to hold the dials at any desired value, 
yet loose enough to permit the gear train to be 
moved without undue force. 

Another shaft friction holding device used 
to prevent oscillations and shaft values from 
backing up (fig. 5-16) is comprised of a housing, 
bolted to some part of the equipment so it is held 
stationary, through which the shafting is run. 
By means of a spring exerting pressure on 
friction disks which “brake” against the bore 
of the housing, a degree of friction is set up 
which must be overcome before the shaft can 
turn. The holding friction developed by the 
friction disks depends upon the force applied 
to them by a helical spring. Spring pressure 
can be adjusted by moving the collar to a new 
position. 


121 


Digitized by LaOOQle 


FIRE CONTROL TECHNICIAN (M) 3 & 2 


J 


FRICTION 

DISKS 



167.737 

Figure 5-16. — Spring pressure holding friction. 


CAMS 

A cam is a specially shaped surface, pro¬ 
jection, or groove whose movement with respect 
to a part in contact with it (cam follower) drives 
the cam follower in another movement in 
response, figure 5-17. 


Microswitch Cam 


One extensive fire control application of cams 
is in the operation of microswitches (fig. 5-18). 
(Microswitches are small, short travel, snap- 
action, electrical switches.) 

Cams that are used to activate microswitches 
are coupling devices in the sense that they 
transfer mechanical knowledge to an electrical 
circuit. Physically, these cams are composed of 
two flat disks, each of which has a portion of its 
circumference cut away. 

When used in conjunction with a microswitch, 
the cam follower will depress the switch when the 
follower is riding on the activating surface. The 
switch will not be depressed when the follower is 
riding in the cutout portion. Two disks are pro¬ 
vided so that, by rotating each disk with respect 
to the other, the arc length between the risers can 
be varied, thus determining the length of time the 
switch remains activated and deactivated. 

Adjustment of microswitch activating cams 
should be made in accordance with approved ad¬ 
justment procedures, normally set forth in equip¬ 
ment Ordnance Publications. In general, the 
adjustment procedure will consist of the fol¬ 
lowing sequential steps: 


1 . 


(A) CLASSES of CAMS 

-fh 

DRUM OR BARREL CAM ^ 



3 . FACE CAM 


I 

(§) FOUR TYPES of CAMS 



c 

5 . 29 , 

Figure 5-17. —Classes and types of cams. 


1 . Adjust the switch location until pushtauttoi 
activation is centered midway up the riser portion 
of the cam (fig. 5-18), without bottoming the push¬ 
button at the top of the riser. This is accomplished 
by loosening the locking screw and rotating the 
eccentric adjusting screw, both of which ard 
located on the microswitch mounting block. 4 

2. If the adjustment procedure calls for a 
definite activation spread, loosen the two hex¬ 
agonal screws that hold the cam discs together, 
and rotate the discs until the desired spread 
obtained. 

3. Loosen the specified adjustment clamp and 

rotate the cam until the switch activates anc 
deactivates at the dial readings indicated in th4 
adjustment procedure. • 
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Figure 5-18. — Cam and microswitch. 


Cam and Lever Shift 

\ mechanism supplying a force which slides 
aver arm in and out of position at certain 
its is required to provide automatic engage- 
it and disengagement. As the motion of a 
% is rotational, a device is required for 
conversion of rotational motion to linear 
ion. An assemby comprising a grooved cam, 
i follower, lever, and a fixed pivot will pro- 
> the proper action. The cam, made by cutting 
»tinuous groove around its wide perimeter, 
tainted on a shaft. The groove is formed so 
it sweeps to one end of the cam face one 
tlon of the way, then swings to opposite end 
rest of the way. A pin, put into this groove, 
id be moved back and forth linearly while the 
t rotates. If the pin is fixed to a lever arm 
A, in turn, is mounted on a pivot, the re¬ 
locating movement can be utilized to move 
[Output gear in and out of drive, as shown 
gure 5-19. 

When the cam is rotated to the position that 
ws the gear out of engagement, output de¬ 
fy will cease. Input will continue unchanged, 
use of proper gearing and gearing ratios, a 
pie intermittent drive can be designed for 
Jific active and inactive deliveries. 

ttECTIVE DEVICES 

Protective devices are used on shaft lines to 
*ct the mechanisms that the lines connect. 





A 



B 
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Figure 5-19. —Intermittent drive. A. Cam and 
lever shift; B„ Graph of one complete turn 
of the cam. 


Functionally, a shaft line transmits motion, and 
the amount a shaft line can rotate by itself is 
limitless. Moreover, the torque a shaft line can 
transmit is normally much greater than the torque 
limit of the mechanisms it connects. The pro¬ 
tective devices limit the amount of rotation or 
the torque of a shaft line. There are many varia¬ 
tions to the representative types of protective 
devices we will discuss. The principles of opera¬ 
tion of all the devices in each type, however, are 
fundamentally identical. 
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Limit Stops 

Limit stops are protective devices for limiting 
the motion of a shaft line. They are used to prevent 
shafts from rotating farther than the limits of the 
mechanisms to which they are connected. Where a 
shaft line is driven by a servomechanism, such as 
a director elevation drive, a power limit stop will 
deenergize the drive before the director arrives 
at its positive limit of motion. The power stop 
normally will shift the position of a limit switch. 
The limit switch will open an electrical circuit 
causing the power drive to be inactive in the 
direction of motion towards the positive limit. This 
prevents the power drive from driving into a 
positive limit under power. Moreover, the limit 
switch may energize a circuit to decelerate the 
drive by applying some form of braking action. 

Buffer Stops 

Where a shaft line can possess a large amount 
of momentum, a friction relief or a buffer stop is 
installed to protect the shaft line and the gearing. 
A driving friction will relieve the torque on a 
shaft line by allowing some of the motion to slip 
out through the friction surfaces. A buffer stop, 
usually a spring or hydraulic device, will reduce 
the motion of a shaft line by changing the load on 
the shaft. The buffer is coupled onto the line just 
prior to arriving at the positive stop and prevents 
the line from slamming into the positive stop. 
A spring buffer will gradually increase the load 



on the line as the spring is compressed. The coni 
pression of the spring absorbs energy from til 
line, slowing it down. In a hydraulic buffer tf 
shaft line drives a piston into a cylinder cd 
taining a viscous liquid. The motion of the pistol 
and hence the shaft line, is resisted by the fl<r 
of the liquid in the cylinder. 

Positive Limit Stops 

A positive limit stop will arrest the motid 
of a shaft line when the limit is reached. As it 
name implies it is absolute, bringing the linetol 
dead stop the instant the limit is reached. Thei 
are two general classes of positive stops. Oj 
limits the shaft motion to 360 degrees or lei 
and the other limits the shaft to a certain numbe 
of revolutions. 

SIMPLE TYPE. — The simplest type of positfr 
limit stop (fig. 5-20) consists of three metal block 
with inserted steel stop plates. Two of the block 
are fastened to the framework of the machine* 
close to the shaft that is to be limited. The th$ 
block is pinned to the shaft. For instance, if td 
blocks are set to limit the rotation to 180 degree! 
then every time the shaft makes a half turn*! 
either direction, the stop plate on the rotatin 
block touches the stop plate on one of the fixe 
blocks. This prevents the 6haft from rotatid 
farther. The fixed blocks can be set to limit shffl 
rotation to any predetermined value. If one fixe 
limit stop is removed, the shaft will rotate almd 
360 degrees. 

f 

DOWEL TYPE LIMIT STOP. — Another 0i 
ample of a positive limit stop that limits-' 
shaft to less than one revolution is the dow! 
type (fig. 5-2l). The stop consists of a dow 
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Figure 5-20. —Simple type limit stop. 


Figure 5-21.—Dowel type limit stop. 
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mounted on a gear and a dowel fixed to a station¬ 
ary hanger. The dowels collide to form a positive 
atop. The solid dot labeled A indicates a clamp 
adjustment point with which the gear’s position 
relative to the input shaft can be changed. 

LEAD SCREW LIMIT STOP.—A third type, 
as shown in figure 5-22, is often encountered. 
This limit stop consists of a traveling nut on a 
threaded screw, a guide rod to prevent the 
traveling nut from rotating, and two adjusting nuts. 
The adjusting nuts are pinned to the shaft on 
either side of the traveling nut, and turn with the 
flhaft. The shaft is stopped from turning when the 
atop plate on one of the adjusting nuts hits against 
a stop plate on the traveling nut. 

The distance between the adjusting nuts is 
accurately set, before the stop is installed in 
the machine, to correspond with the exact number 
of revolutions the shaft can make before it must 
he stopped. For example, a line is to be limited 
to 30 revolutions from its zero position. When 
tiie line is at zero the traveling nut will be 
against one of the adjusting nuts. After 30 revo¬ 
lutions of the line, the traveling nut will have 
traveled to the other adjusting nut, and the shaft 
Will not be able to turn any farther. 

GEAR TYPE LIMIT STOP. —If a gear train 
Is driven by a servomotor, a gear type limit 
atop can be employed. The gear type limit 
atop (fig. 5-23), does the same job as the lead 
screw type, but is constructed differently. It 
consists of two meshing gears and four limiting 
arms. When one gear is rotated a given number 
of revolutions, the limiting arm attached to the 
driver gear will collide with the limiting arm 
attached to the driven gear. Reversing direction 
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Figure 5-22. — Lead screw limit stop. 
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Figure 5-23. —Gear type limit stop. 


of rotation of the driver gear will cause the other 
two limiting arms to collide after the same 
number of revolutions has been made. The shaft 
attached to the driven gear is mounted, on one 
end only, in a rubber housing which acts to 
absorb the shock of the colliding arms. 

The limiting arms are factory preset to 
collide after a given number of revolutions 
(dependent upon gear ratio.) Therefore, the ad¬ 
justment will normally consist of setting dials 
and gear trains to the stops in accordance with 
prescribed adjustment procedures. 

Limit Switches 


The electric switch is familiar to you. You 
know that it is a type of mechanism used to 
turn electric power on and off, or to switch 
electric current from one circuit to another. It 
would be a simple matter to fasten a couple of 
contactor arms to the traveling nut of a lead 
screw limit stop unit (fig. 5-24) and to mount a 
pair of on-off electric switches to be actuated 
when contacted by the blades. The electric 
switches could be set to control the operation 
of the mechanism between“the prescribed limits, 
and the mechanical (positive) stops set somewhat 
beyond them. Normal operation would be within 
the limits of the electric switches. In the event 
of a defective switch, short circuit, or other 
reasons which would allow the mechanism to run 
beyond the electric switch limits, the mechanical 
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Figure 5-24. —Limit switches. 

stops would be brought into play as a safety 
or protective feature. 

The Shock Absorber 

The shock absorber used in a computer is 
really just a special type of coupling. It has 
provisions for absorbing shock which distinguish 
it from other couplings. Briefly, it consists of 
a clamp coupled to a gear by a spring and arm 
arrangement. The clamp fastens the shaft to 
the hub of the gear (fig. 5-25). 



I 


Figure 5-25. — Shock absorber. 


Follow the action in figure 5-25. To start 
with, the input shaft turns the input-gear hub 
clamp. The arm ends push the block, which is 
fixed to the disc that is fixed to the input gear. 
In turn, the input gear drives the output gear 
and output shaft. The thing to visualize is that 
the arms give against the spring to absorb the 
shock when the input shaft is started suddenly. 
That’s the trick to the whole works. 

Take a look at the disassembled view of the 
shock absorber in figure 5-26. It shows you 
exactly how it is constructed. There are two 
important thing6 to see in the figure. First, 
note that the hub is free to rotate in the gear 
and is mounted on ball bearings. And second, 
note that the clamp fastens the hub to the input 
shaft. Then, when the clamp is attached to 
the hub, the arms are stretched against the 
spring to sandwich the block on the disc. The 
two positive stops simply stop the arms to keep 
the spring from overstretching. 

Friction Relief Drive 

A friction relief drive is special shaft line 
coupling which will slip when the torque on the 
line is too great. This device protects the gear¬ 
ing and mechanisms on the line from damage 
from an excessive amount of torque. The con¬ 
struction of a typical friction relief drive is 
shown in figure 5-27. The gear is free to turn 
on the input shaft. Friction disks are cemented 
to both sides of the gear. The flanged hub is 
pinned to the shaft and rotates with it. The 
hub is in contact with the friction disk on top 
of the gear. The sliding flange is connected by 
a tongue and groove arrangement to the collar 
which is pinned to the shaft. The sliding flange 
is pressed against the bottom friction disk on 
the gear by spring pressure. Hence the gear 
is sandwiched between the two flanges by spring 
pressure. The compression of the spring may 
be adjusted by the clamp which can be screwed 
on the threaded sleeve when the clamp is loose. 
The output of the drive is taken from the gear. 

The connection between the input shaft and 
the output gear of the drive is the friction 
coupling between the flanges and the gear. 
The friction is adjusted so that under normal 
conditions the gear will turn with the shaft. 
But if the torque is greater than normal, or if 
there is a restriction on the line, the friction 
drive will slip before any damage is done. For 
example, a shaft line with a limit stop which 
is at one of its limits is mechanically restrained 
at that value. An attempt to force the line 
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Figure 5-26. —Shock absorber, disassembled view. 
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Figure 5-27. — Friction relief drive. 


8* beyond the limit could damage the mechanisms, 
ft 1 But a friction relief drive in the line will allow 
** the motion to slip and relieve the torque on the 

feline. 

or* 

& DIALS AND COUNTERS 

e 

Dials and counters are installed to measure 
rotation of shafts and indicate the value of 
& the quantity being transmitted by the shaft. 
**Fire control quantities are represented in 
i ^mechanical equipment by shaft value and total 


shaft value. To set-in or read-out a quantity 
in a mechanical instrument, you must have some 
means of measuring the position of the shaft 
with respect to a reference. The reference 
position of the shaft usually represents the zero 
value of the quantity being transmitted. 

Dials 

Shaft angles are often indicated on two dif¬ 
ferent dials. One is called the low-speed or 
coarse dial, and the other the high-speed or 
fine dial. The speed refers to the ratio between 
the dial and the quantity whose motion it indi¬ 
cates. Thu6 a one-speed dial that indicates 
director train angle will make one revolution when 
the director turns one complete revolution. This 
dial can be read to about one degree, but the 
graduations are too close together to permit ac¬ 
curate reading to fractions of a degree. The 
high-speed train dial makes 36 revolutions for 
each revolution of the director, or one revolu¬ 
tion for each 10 degrees of director motion. 
The degree marks are thus 36 times as far 
apart, and the dial can be read to one or two 
minutes of arc. 

The high-speed dial repeats the same position 
and reading 36 times during one revolution of 
the director. Thus this dial must be used in 
combination with a low-speed dial. The two 
dials can be compared with the two hands of a 
clock. The low-speed dial corresponds to the 
hour hand which runs at two speed (two revo¬ 
lutions per day). This hand tells the hour but 
does not divide it accurately. The high-speed 
dial corresponds to the minute hand which runs 
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at 24 speed (24 revolutions per day). This hand 
shows the exact minute of the hour, but does not 
show which hour. 

The various pairs of dials in fire control 
equipment run at different combinations of speeds. 
For a part which cannot make a complete rev¬ 
olution, for example an elevation indicator, a 
two-speed or four-speed dial may be used as the 
low speed dial. Where great accuracy is required, 
the high-speed dial may operate at 72 speed or 
some higher multiple. Where accuracy is not 
critical, a single low-speed dial is used. Where 
a quantity may have either a positive or negative 
value-elevation for example —the color of the 
dial markings is often used to indicate polarity. 
White markings are used when the quantity is 
positive; red markings indicate negative value. 

Figure 5-28 shows a dial arrangement which 
can be used to indicate true target bearing. True 
bearing is the sum of target bearing and own 
ship’s course as shown in figure 5-28A. The 
synchro in figure 5-28B receives own 6hip*s 
course and turns the inner dial through this angle. 
In the example shown in the figure, the dial is 
turned 70° clockwise. The outer ring dial is 
turned in a counterclockwise direction through an 
angle of 50°, which is relative target bearing. 
By reading the graduations on the ring dial 
against the arrow of the inner dial, the sum of 
the two angles, 120° (which is true target bearing), 
can be read. 





Counters 


It sometimes becomes necessary to count 
shaft revolutions. 

No doubt you have seen counters used in 
automobiles to indicate mileage. Well, the 
counters used in fire control work on the same 
principle. But instead of indicating mileage, they 
count the revolutions of a shaft. The value that 
a shaft carries might be any value used in com¬ 
puting the fire control problem, such as yards of 
range, degrees of bearing, or target speed in knots. 

Figure 5-29 shows a counter connected to a 
shaft by miter gears. In this case the counter 
serves a dual purpose; first, it is used for 
indicating proper adjustment; and second, it 
indicates shaft revolutions. 

To perform an adjustment on the setup (fig. 
5-29), first set the computing device at its zero 
position. Then loosen the clamp at the counter and 
turn the counter until it, too, reads zero, and 
tighten the clamp. Now both the computing device 
and the counter are at their zero position. 

Next, loosen the clamp at one end of the 
sleeve coupling and turn the input quantity until 
it and the counter are on zero at the same 
time. Finally, tighten the clamp of the sleeve 
coupling to complete the adjustment. 



Figure 5-28. —True bearing dial. 
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This type of counter is called an off-line 
b${ oounter, as it can be disconnected without af- 
itsi footing the adjustment. 


$ ELECTROMECHANICAL COMPONENTS 


Figure 5-30 presents the schematic diagrams of 
some often used switches. 

An example of a switch position is a toggle 
switch which comes to rest at either of two 
positions, opening the circuit in one position and 
completing it in another. This is called a two- 
position switch. A toggle switch which is spring 
loaded to the OFF position and must be held In 
the ON position to complete the circuit is called 
a single-position switch. If the toggle switch 
will come to rest at any of three positions, it is 
called a three-position switch. 

Another means of classifying switches is 
the method of accuation; that is, toggle, push¬ 
button, precision and rotary types. Further class¬ 
ification can be accomplished by a description 
of switch action such as on-off, momentary 
on-off, on-momentary off, and so forth. Momen¬ 
tary contact switches hold a circuit closed 
or open only as long as the operator deflects 
the actuating control. 

Switches are rated according to their current- 
carrying capacity at a specific voltage. The cur¬ 
rent rating depends on the cross-sectional area 
of the contacts. The voltage rating depends on 
the space between the contacts. 


r SWITCHES 


Manual Switches 


A switch may be described as a device used 
in an electrical circuit for making, breaking, 
or changing connections. Switches are rated 
In amperes and volts; the rating refers to the 
maximum voltage and current of the circuit 
In which the switch is used. Because it is 
placed in series, all the circuit current will 
pass through the switch. Because it opens the 
circuit, the applied voltage will appear across 
the switch in the open position. Switch contacts 
are opened and closed quickly to minimize 
arcing; therefore, switches normally have a 
snap action. 

Many types and classifications of switches 
fcave been developed. A common designation is 
Wy the number of poles, throws, and positions 
they have. The number of poles indicates the 
number of terminals connected to the movable 
element of the switch. The number of throws 
indicates the number of contacts each pole 
can make. The number of positions indicates 
lithe number of places at which the operation 
device (toggle, plunger, etc.) will come to rest. 


TOGGLE SWITCHES. —Toggle switches are 
one of the most common types of manual switches. 
Toggle switches have their moving parts enclosed. 
A double-pole, double-throw, on-off-on toggle 
switch is shown in figure 5-31. These switches 
have many uses and are used extensively for 
applying power to various circuits, such as low 
voltage power supplies. 


PUSHBUTTON SWITCHES. —Pushbutton 
switches have one or more stationary contacts 
and one or more movable contacts. The movable 
contacts are attached to the pushbutton by an 
insulator. This switch is usually spring loaded and 
is of the momentary contact type. These switches 
have many uses, such as indicator light checks 
and motor start and stop circuits. Typical ar¬ 
rangements of pushbutton contacts are shown in 
figure 5-32. 


ROTARY SELECTOR SWITCHES. —Rotary 
selector switches may perform the functions of a 
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SINGLE - POLE, SINGLE - THROW 
(SP ST) 



? 


SINGLE-POLE, DOUBLE-TH*^j 
(SPOT) 


o 



DOUBLE-POLE, SINGLE-THROW 
(DP ST) 



■°! 
■ol 


DOUBLE-POLE, DOUBLE-THROW 
(DP DT ) 


Figure 5-30. —Commonly used switches; schematic diagram. 


12.66 



12.67 

Figure 5-31. — Toggle switch, double-pole, 
double-throw. 


number of switches. As the knob of a rotary 
selector switch is rotated, it opehs one circuit 
and closes another. See figure 5-33. Some rotary 
switches have several layers of wafers. By adding 
wafers, the switch can be made to operate as 
a large number of switches. Voltmeter range 
selector switches are examples of this type. 

SNAP SWITCHES. — The snap switch (fig. 
5-34) is a device that opens or closes a circuit 
with a quick motion. A rotary snap switch con¬ 
sists of one or more sections each of which has 
a rotor and a stationary member (fig. 5-35). 
A shaft with a handle at one end extends through 
the center of the rotors. The rotors are snapped 
in and out of the stationary contacts on the 
pancake sections. When the handle is turned, it i 
first winds a coil spring on the shaft. As the handle 
is turned farther, the coil spring snaps the 
rotor contacts in or out of the stationary con¬ 
tacts. i 

Snap switches are available in a wide variety 1 
of current ratings, poles, movements, and circuit J 
arrangements. Most of these switches are < 
suitable for operation on a.c. at 600 volts and 
d.c. at 250 volts. Snap switches are used ex¬ 
tensively in the distribution sections of switch¬ 
boards, to connect the power supplies to the * 
various buses. < 
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Figure 5-32. —Pushbutton switches. 


1.99(12) 


TYPE-J MULTIPOLE ROTARY SWITCHES.— 
tetype-J multipole rotary switch consists of an 
qual number of rotors and pancake sections 
&g. 5-36). The number of sections required in 
» switch is determined by the individual applica¬ 
tor A shaft with an operating handle extends 
irough the center of the rotors. The movable 
ontacts are mounted on the rotors, and the 
tationary contacts are mounted on the pancake 
actions. Each section consists of eight contacts, 
eeignated A to H, and a rotor having two insulated 
lovable contacts spaced 180° apart. Each mov- 
Me contact is arranged to bridge two adjacent 
tationary contacts. The switch has eight posi- 
lon8. A detent mechanism is provided for proper 
linement of the contacts in each position of 


the operating handle. In one position, the rotor 
contacts bridge segments A-B and E-F. In the 
next position, the rotor contacts bridge segments 
B-C andF-G. Diagonally opposite pairs of contacts 
are subsequently bridged for the remaining posi¬ 
tions. The various circuit leads are connected to 
the proper pancake terminals and the transfer of 
circuits is effected by operating the handle. 


JR SWITCHES. — The JR switch shown in 
figure 5-37 is installed on Fire Control (FC), 
recent Interior Communication (IC), and Action 
Cutout (ACO) switchboards. 

This switch is smaller in size and more 
readily disassembled than the J switch. These 
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Figure 5-33.—Rotary selector switch. 





12.69 

Figure 5-34. — Snap switch. 


features result in a saving in switchborad space 
and facilitate repairs. The JR switch is of the 
1 JR, 2JR, 3JR, or 4JR type. 

The 1JR switch has only one movable contact 
per section. This movable contact bridges two 
adjacent stationary contacts. 

The 2JR switch is the same electrically as 
the J switch, and is the type used for general 
applications. 


The 3JR switch utilizes one of the stationary 
contacts as a common terminal. This stationary 
contact is connected in turn to each of the other 
stationary contacts of the section by a single 
wiper contact. The 3 JR type is used for selec- 
ing one of several (up to seven) inputs. 

The 4 JR switch has two movable contacts per 
section. Each movable contact bridges three ad¬ 
jacent stationary contacts (fig. 5-37B). This switch 
is used to select either or both of two synchro 
indicators. The positions of the switch are: 


90° right—both indicators energized 
45° right—indicator 1 energized 
0° —off 

45° left—indicator 2 energized 

When the 4JR switch is in the OFF position, 
both indicators are connected together but are 
disconnected from the power supply. 

The designations of JR switches are deter¬ 
mined by the type of section followed by the 
number of sections in the switch. For example, 
a 2JR10 switch denotes a JR switch having 
10 type-2JR sections. 

Automatic Switches (AJR) 

Recent FC switchboards employ automatic 
switches that can be controlled from remote 
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Figure 5-35. — Snap switch, exploded view. 


stations. These switches are similar in construc¬ 
tion to the manually operated switches but have 
a servosystem to control the switch position. 
Figure 5-38 shows a simplified diagram to 
illustrate the operation of an automatic switch. 
The control voltage is supplied by the two auto- 
transformers, one located at the remote station, 
and the other at the switch. If the wiper arms of 
the two transformers are at the same numbered 
tap, there will be no potential difference between 
the taps, and no current will flow through the 



12.70 

Figure 5-36. — Type-J switch. 


control winding of the motor. If the wiper arm at 
the remote station is repositioned, there will be 
current flow in the control circuit. The motor will 
drive, changing the position of the switch and the 
other wiper arm. The motor will drive until the 
two wiper arms are at the same potential, at 
which time the switch will be at the desired 
position. 


RELAYS 


General Purpose Relays 


Relays are electrically operated switches 
that are classified according to their use as 
control relays or power relays. The POWER 
RELAYS are the workhorses of electrical sys¬ 
tems. As such, they control the heavy power 
circuits. 


The function of a CONTROL RELAY is to 
take a relatively small amount of electrical 
power and use it either to signal or to con¬ 
trol a large amount of power. For example, 
control relays are used to start and stop 
electric motors. The heavy power relays that 
actually apply the power to the motor are the 
MAIN LINE CONTACTORS. The relays that 
control the main line contactors are control 
relays. 


The use of relays saves space and weight 
in the ship by permitting the use of small switches 
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Figure 5-37. — Type-4JR switch. 


12.71 


at remote control stations. These switches permit, 
the operator to control large amounts of current 
at other locations in the ship, and the heavy 
power cables need to be run only to the point 
of use. Only light weight control wires are 
connected to the control switches. Safety is also 
an important factor in using relays, since high 
power circuits can be switched remotely with¬ 
out danger to the operator. 

Control relays, as their name implies, are. 
frequently used in the control of other relays, 
although the small control relays find many 
bther uses. With these, electron tube plate 
currents can control the larger currents nec¬ 
essary to operate electrical devices. They find 
extensive use in - weapon direction equipment 
circuits, where a small electric signal sets off 


a chain reaction ~Df successively acting relays 
performing various functions, such as target 
designation and weapon assignment. Control re¬ 
lays can also be used to prevent certain functions, 
such as the movement of a launcher, or missile 
firing, from occurring at the improper time. 
Various electrical operations in the equipment 
which must not occur simultaneoulsy can be 
“interlocked” by control relays. 

Another possible classification of relays is 
open, semisealed, and sealed. Semisealed relays 
have protective covers and are gasketed against 
entrance of salt, dust, and foreign material into 
the contact or mechanism area. 

For other applications in today’s far-ranging 
ships, however, it is necessary to go beyond the 


REMOTE STATION 




Figure 5-38. —Automatic switch servosystem. 
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protection offered by the open type and the 
semisealed relays. When such relays are used, 
quick changes in climatic conditions (humidity 
and temperature) can cause condensation of 
water vapor within the unit. Subsequent low 
temperature will then freeze the moisture on 
the contactor, with a resultant inability to carry 
electric current. 

Hermetically sealed relays were developed 
to answer the demands of most modern equip¬ 
ment. A true hermetic seal is generally con¬ 
sidered one that is metal-to-metal or 
glass-to-metal. Plastic or plastic-rubber type 
gasket seals are not generally considered true 
hermetic seals. However, both semisealed and 
hermetically sealed relays are used. There are 
applications where a gasket type sealed relay 
may be adequate, but the true hermetically 
sealed type is generally considered to be more 
permanent. The hermetically sealed relay also has 
the advantage of being protected from improper 
adjustments. 

In general, the basic components of a relay 
are the coil or solenoid, the iron core, the 
fixed and movable contacts, and the mounting 
(and if sealed, the can). A manual switch, limit 
switch, or other small control device starts and 
stops the flow of current to the coil. The flow 
of electric current through the coil creates a 
strong magnetic field around and within the coil. 
This magnetic field moves a clapper or plunger 


which completes the magnetic circuit. Figure 
5-39A shows a basic single coil clapper type relay. 
The dashed lines indicate the magnetic lines of 
flux. 

The second basic type of relay is the rotary 
(fig. 5-39B). Although this type of construction 
is not as common as the clapper type, the rotary 
type has greater vibration and shock resistance 
than the others. The disadvantage is that they 
are somewhat sluggish and require higher operat¬ 
ing power for many purposes. The rotary relay 
operates on the principle of an electric motor, 
but through only a small arc. The problem of 
hanging contacts on such a mechanism is a 
difficult one, and therefore the use of these 
devices is limited to applications where high 
shock warrants the larger size and weight. 
When used with standard wafer switch assem¬ 
blies, this type of relay provides a means for- 
assembling a switching device of any degree 
of complexity. 

You will encounter relays operating from 
an a.c. supply; they depend on the same funda¬ 
mental principles as the d.c. relay; that is, 
magnetic fields. When a.c. is applied to an 
electromagnet, the current will pass through 
zero twice in each cycle. Since the pull on the 
armature is proportional to the current through 
the electromagnet, the armature tends to open 



Figure 5-39. —Basic types of relays. 
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every time the current nears zero, causing 
chatter. To remedy this, shading coils (some¬ 
times called shaded poles) are used. 

A shading coil consists of a copper band or 
stamping which is short-circuited and embedded 
around part of the electromagnet pole face. 
By being placed around part of the pole face, it 
acts as a shorted transformer secondary. The 
current in the main coil lags the applied voltage 
by approximately 90° and the flux is in phase 
with the current. The voltage of the shading 
coil is induced voltage and lags the current in 
the main coil by 90 degrees. Since the shading 
coil acts like a shorted secondary (resistive), 
the current in the shading coil is in phase with 
the induced voltage. Therefore, the magnetic 
field of the shading coil lags the magnetic field 
of the main coil by 90 degrees. This means 
that flux will exist in the electromagnet even 
when the main coil current becomes zero. Thus, 
chattering is prevented. 

The arrangement of relay contacts has many 
different forms. Usually the number and sequence 
of switching operations to be performed dictates 
the contact arrangement. Figure 5-40 shows the 


basic relay contact groups which form the l)asis 
for the various arrangements. 


Special Purpose Relays 


THERMAL RELAY. —It fs often desirable 
to introduce time delays by use of relaydk^Ctoe 
method is to U6e a thermal relay for — 


HEATER 
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CONTACTS 

5.82A 


Figure 5-41. —Thermal relay. 
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Figure 5-40. —Basic relay contact groups. 


delay (fig 5-41). When current is applied to thQ 
heater, heat is transferred to the bimetallic disk. 
The bimetallic disk consists of two layers of 
dissimilar metals. These dissimilar metals have 
different expansion coefficients. In other words, 
the heat causes unequal expansions of the two 
metals. This causes the upper contacts to move 
downward until they make contact with the lower 1 
contacts. Many thermal relays are sealed units 
and the time required to close the contacts is a 
design feature of the relay. The relay of figure 
5-41 provides an adjustment screw with which 
you can change the gap between the upper anj 
lower contacts. Increasing the gap increases the 
time delay. Because its mechanism is simple, the 
thermal relay can be made very small and 
hermetically sealed, making it ideal for use in 
fire control equipment. Because the thermal relay 
is activated by heat, it can be used on either 
alternating or direct current. 

DIAPHRAGM AND MOTOR DRIVEN RELAYS. 
— Energizing the magnetic coil of the diaphragm 
type relay (fig. 5-42) causes the relay spindle 
rod to move. Movement of the spindle rod exerts 
a pull on the timing head, a diaphragm with a 
small orifice at its center. The movement of the 
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would be to have a severed shaft. To drive, the 
ends would have to be pressed together so 
that frictional force would enable the shafts 
to rotate together, figure 5-43. 

However, since the surface area of the two 
ends is small, the torque transmitted is also 
relatively small. Torque is a function of: 
(1) the force with which the butting ends are 
together, (2) the surface area, and (3) the friction 
characteristics of the material involved. 


Disk Drive 


By attaching disks to the shaft ends, the sur¬ 
face contact area is increased, thus increasing 
torque. Further increases can be brought about 
by using a material with a high coefficient of 
friction on the contacting surfaces, figure 5-44, 


167.54 

Figure 5-42.—Diaphragm type relay. 


timing head is opposed by air pressure which 
slowly reduces due to air passing through the 
timing head orifice. 

The reduction in air pressure allows the 
S® spindle rod to slowly overcome the restraining 
^ action of the timing head. Movement of the 
' n spindle rod will eventually cause the relay 
to' contacts to make or break. (The relay can be 
designed for a slow make-fast break or fast 
* 3 make-slow break). The adjustment screw provides 
^ a means of modifying the timing head orifice 
which speeds up or slows down the action, 
fjj Another form of time delay relay is the 
** motor-driven relay. With this type of relay, 
f\ the contacts are positioned by a constant-speed 
^ motor driving through a suitable gear train. 
P Normally an adjustment is provided as a means 
of changing the time required to make or break 
f* relay contacts. Automatic resetting may im- 
# mediately take place or it may be delayed until 
w the next delay cycle is started. 

$ CLUTCHES 

-7 

is 

t A motor often drives more than one line 
^ of shafting, and situations arise in which one 
or another of the lines must be stopped with¬ 
out stopping the other lines. A simple solution 


Such disks require that they be thrust firmly 
together to drive without slipping. Pinning a key 
to one shaft and slotting its disk to permit it 
to slide longitudinally on shaft and key would 
provide a quick means of engagement or dis¬ 
engagement. By using a simple lever (refined 
perhaps by adding a roller and spring to hold 
the disk under tension in the selected position), 
the sliding disk could be moved to disengage 
it or be forced into good driving contact with 
the other disk. Each line of shafting so equipped 
could be engaged or disengaged as desired, with¬ 
out interfering with the other lines. This type 
of clutch may be used at very high speeds, 
although it is subject to slippage. 


Toothed Jaw Clutch 


With toothed or serrated jaws, engagement 
can be achieved rapidly without exact shaft 
position alignment, at high speed, and with 
heavy loads. It is a locking type of clutch 
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Figure 5-43. — Frictional force. 
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Figure 5-44. 


permitting no slippage. Revolutions of the out¬ 
put side will equal those on the input side. Some 
means are needed to control jaw movement for 
engagement or disengagement and, when coupled, 
exert force necessary to keep the jaws together. 
A simple toothed jaw cluth would look some¬ 
thing like figure 5-45. 

By keeping one jaw slidable on the shaft 
and providing a yoke, we would have a manually 
controlled mechanical means of engaging or dis¬ 
engaging the clutch. 

The Solenoid Clutch 

The solenoid offers the electrical means of 
connecting or disconnecting a drive. The solenoid 
clutch is comprised of cylindrical jaws (fig. 5-46) 
with serrated mating edges within a solenoid’ 
coil. One jaw is secured to the input drive 



DISENGAGED 


DRIVING 


167.742 

Figure 5-45. — Toothed jaw clutch. 


— Disk drive. 


167.741 


shaft and revolves with it. The other jaw is 
mounted on a hub and made so it will slide 
longitudinally on the shaft, moving on a key 
or in a slotted section. 

A spring (or spings) keeps the jaws apart 
and out of engagement when the solenoid is not 
energized. Energizing the solenoid magnetizes 
both jaws, and the slidable output jaw is pulled 
into contact with the input jaw. As long as 
electric current is supplied to the solenoid, the 
magnetic field is maintained and the jaws are 
held in engagement. Power is transmitted through 
the clutch to the output shaft without slippage. 
When electric current is turned off, the magnetic 
field ceases and the springs withdraw the sliding 
jaw. With application of electric current, ja* 
reaction is almost instantaneous. This rapid, 
certain clutch connect or disconnect action makes 
the solenoid clutch a favored means of control 
in high-speed equipment. 

Magnetic Clutch 

The magnetic clutch is used to govern the 
velocity of the driven shaft or the amount of loac 
it will cary. An electrical signal to a winding 
of the magnetic clutch (fig. 5-47) creates magneti< 
fields about the coupling surfaces; the strengtl 
of these fields determines the amount of slippage 
in the clutch. The principles of operation of thii 
type clutch are similar to those of a frictioi 
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Figure 5-47. —Magnetic clutch. 
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Figure 5-46. —Solenoid clutch. 


relief drive except that the coupling is controlled 
by magnetic fields rather than mechanical friction 
surfaces. 

The distance between the coupling surfaces in 
figure 5-47 is exaggerated. In an actual ap¬ 
plication, the surfaces are quite close to one 
another. 


LOCKS AND BRAKES 


A solenoid lock work6 like the solenoid clutch, 
except one jaw is pinned to the housing. The 
other jaw is keyed to the hub of the input 
gear both of which can slide on the input shaft, 
and are free to turn as long as the solenoid 
coil remains deenergized. The gear is the input 
in this assembly, figure 5-48. 

Energizing the coil draw6 the sliding jaw 
along the gear hub, locking it to the pinned 
jaw and preventing any further motion of the 
input gear or its associated parts. This device 
is used where a quick-acting lock is required 
to stop the equipment and hold it immobile as 
long as current is applied to the coil. 

The relation between the electrical signal and 
the mechanical line’s connection is determined 
by the length of time the electrical signal is 
required. If a shaft must be uncoupled most 
of the time, the electrical signal to the clutch 
will be used to couple the shaft. Of course the 
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Figure 5-48. —Solenoid lock. 


opposite is true; if a shaft must be coupled most 
of the time, the signal to the clutch will be 
used to uncouple the shaft. 

The solenoid lock is often used in conjuction 
with a solenoid clutch. When the clutch dis¬ 
engages, the solenoid lock is brought into play 
(by means of electric switching circuitry) locking 
that part of the mechanical equipment in its 
exact disengaged position. 


SYNCHROS 


It takes a lot of information to solve the fire 
control problem. This information must be sent 
back and forth between equipment located at 
considerable distance from each other. For 
example, a missile fire control computer needs 
own ship’s heading, target range, bearing, and 
elevation to solve the fire control problem. 
Own ship’s heading comes from the master 
gyro compass. Target bearing, elevation, and 
range come form a director or radar set. 
All of these basic quantities are supplied by 
equipment located at distances of a few feet to 
possibly several hundred feet from the computer. 
Therefore, some sort of data transmission sys¬ 
tem is needed. 

Fire control information is transmitted elec¬ 
trically between distant stations by synchro 
system (fig. 5-49). 



12.156 

Figure 5-49. —Elementary synchro system. 


Obviously, a thorough knowledge of synchros 4 
and their circuits is necessary for the FTM.The < 
groundwork has been laid in Basic Electricity. ^ 
NavPers 10086-B. The construction and theory 4 
of operation of various synchros are covered in - 
chapter 2l of Basic Electricity; we will not < 
repeat that information here. At this point, you 
should review the basic Rate Training Manual 
coverage of synchros. Later in this Rate Training 
Manual, we will amplify your knowledge con- , 
cerning the application of synchros as data * 
transmission devices. ,J 


RESOLVERS 


Construction 


Basically, a resolver (fig. 5-50) is a trans- i 
former in which the secondary windings can be * 
rotated with respect to the primary windings. . 
Consequently the amount of magnetic coupling , 
between the primary and the secondary is variable. , 
In its most common form it consists of a stator ^ 
and a rotor, each having two separate windings 
placed precisely at right angles to each other \ 


140 


Digitized by 


Googl 









Chapter 5 —BASIC COMPONENT PARTS 


ROTOR 

SHAFT 



STATOR COIL- 1 


ROTOR 
SLIP RINGS 


RESOLVER 

TERMINAL 

STRIP 


12.106 

igure 5-50. — Cutaway of transformer resolver. 


fig. 5-51 A). Most schematic diagrams of re¬ 
vivers show only the active windings; therefore, 
f three windings are used in a particular ap- 
ilication, the diagram will show these three. 

Since the two stator windings are physically 
Lnd electrically at right angles to each other, if 
in a-c voltage is applied to the winding there 
rtll be no magnetic coupling between them. The 
itator windings are mounted on the resolver 
tousing and are stationary with respect to it. 
Externally, a resolver resembles a motor or 
pnerator, and is a low impedance element. 

The rotor windings of the resolver are wound 
it right angles to each other. Hence there is no 
nagnetic coupling between the two windings. The 
rotor windings are mounted on the rotor shaft 
ind will turn with it. The rotor is capable of 
mlimited rotation. Thus the rotor windings can be 
»t at any angle with respect to the stator windings. 


Operation 

A resolver has both electrical and mechanical 
rotation) inputs. The outputs will be proportional 
o the product of the electrical input and either 
tie sine or cosine of the angle through which the 
rotor has been turned. Figure 5-51B, C and D 
*0W8 the rotor in three different positions with 
respect to that stator. The stator is supplied 
flth a fixed voltage which we will assume to be 
®ity. Since similar action takes place in all the 
"fadings, only one set is shown for clarity. 


In figure 5-51B, the rotor and stator windings 
have an angle of 0° between them. With the rotor in 
this position, all the flux established by the stator 
winding voltage cuts the rotor winding and the 
voltage induced in the rotor is maximum. For 
example, with a turns ratio between the stator 
and rotor of 1:1 and input voltage of 1 volt, 
ignoring the small transformer losses, the output 
voltage will be 1 volt. 

In figure 5-51C, the rotor is turned so that the 
two windings are displaced by 30 degrees. Now 
only a part of the stator flux cuts the rotor winding, 
and the voltage induced in the rotor is 0.866 volts. 

In figure 5-51D, the rotor is turned so that 
the two windings are displaced by 90 degrees. At 
this angle there is no magnetic coupling between 
the windings, and the output voltage is zero. 

The output voltage corresponds numerically to 
the cosine function of the angular displacement 
between the rotor and stator. This rotor winding 
is therefore called the cosine winding. With the 
second rotor winding displaced 90° from the 
cosine winding, the voltage induced in this winding 
would correspond to the sine function of the angle 
of displacement between the rotor and the stator. 
This naturally would be called the sine winding. 


Synchro and Scott-T Transformer 
Resolver 


A standard synchro transmitter and Scott-T 
transformer combination is used in some re¬ 
solver applications. For example, the cosine 
transformer Tl (fig. 5-52A), has a 7.8-to-l 
turns ratio. Its primary winding is connected 
to the S2 winding of the synchro and the center 
tap of T2. The sine transformer T2 has a 
9-to-l turns ratio. Its primary is connected 
to Si and S3 of the synchro. 


Figure 5-52B, C and D shows the Scott-T 
transformer circuit with three angle inputs. In 
part B of the figure the synchro angle input 
is zero. The voltages developed by the synchro 
are +52V at S2, and -26V at Si and at S3. The 
potential difference across the primary of T2 
is zero. Therefore the output voltage, which is 
proportional to the sine of the input angle, is 
zero. There is a 78 V potential difference across 
the primary of Tl, (+58V at S2 and -26V at the 
center tap of T2). Let’s see why there is -26V 
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Figure 5-52. —Synchro and Scott-T transformer resolver. 
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across the primary winding of T1 is zero, and 
its output is zero. The center tap of T2 is at 
the midpoint between +45V and -45V, hence it 
is at zero volts. Therefore, with the synchro 
voltages representing a 90° angle, the Scott-T 
transformer set output voltages are OV from 
Tl, and 10V from T2. 

In part D of figure 5-52 the synchro volt¬ 
ages, +26V at Si and S2 and -52V at S3, rep¬ 
resent a 60° angle. The potential difference 
across the primary winding of T2 is 78V, (+26V), 
■tod -52V). With the 9-to-l ratio, the output 
'from T2 is 8.66V. The potential difference 


across the primary winding of Tl is 39V, (+26V 
and -13V) With the 7.8-to-l ratio the output 
voltage from Tl is 5V. (Since there is 78V 
across the primary of T2, 39V is dropped 
.across each half of the winding. Hence the 
potential at the midpoint of the winding is (-52 
minus 39 or -13V). Therefore, with synchro 
input voltages representing an angle of 60° the 
output voltages are 8.66V from the sine trans¬ 
former T2, and 5V from the cosine transformer 
Tl. 

If you tabulate the output voltages for the 
three angle inputs, you will find they are pro¬ 
portional to the sine and cosine functions of the 


Digitized by 


Googli 











FIRE CONTROL TECHNICIAN (M) 3 & 2 


angles. The Scott-T transformer set gives the 
sine and cosine of other synchro input angles in 
the same manner as for the angles shown. When 
the sine or cosine becomes negative, the change 
in algebraic sign is indicated by a reversal in 
the phase of the output voltages. 

POTENTIOMETERS 


In fire control instruments the value of a 
quantity can be represented by the position of a 
shaft. Frequently, however, an instrument may 
require this information in an electrical form. A 
potentiometer is one the simplest means of 
converting mechanical positional information to 
a proportional voltage. 

Basically, a potentiometer solves a percentage 
problem. The electrical input, which may be either 
an a.c. or a d.c. voltage, is applied across the 
winding of the potentionmeter (fig. 5-53). Unity in 
the percentage problem is represented by the 
instantaneous value of the input voltage and by the 
total resistance of the winding. The wiper arm 
or sliding contact is moved by the mechanical 
input along the winding to “pick up” a percentage 
of the input voltage. Ohm’s law, E = IR, tells us 
that the voltage and the resistance in a circuit 
are directly related. We will discuss the current 
in the circuit later. In the diagram the wiper 
is positioned half-way down the potentiometer 
winding, the input voltage is 10 volts; the output 
from the wiper is 5 volts, or 50% of the input 
voltage and of the total resistance of the winding. 

A potentionmeter is a variable voltage divider, 
with an output voltage that is a percentage of the 



E OUT 
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Figure 5-53.— Problem solved by a potentiometer. 


input voltage. The amount of output voltage i 
proportional to the position of the wiper. Thu 
a potentiometer is a voltage control deviqj 

A rheostat is a current control device tnl 
functions similarly to a potentiometer. In fl 
circuit (fig. 5-54), only two leads are connects 
to the rheostat. When we move the wiper we ar 
varying the amount of resistance in series wij 
the load. Hence we are varying the current flcr 
through the load by putting more or less resistano 
in series with it. Note that none of the rheostat* 
resistance is in parallel with the load. As a currea 
control device, a rheostat will determine 
amount of power applied to the load. 


Potentiometer Construction 


< 

% 


Most of the potentiometers in fire contra 
equipment are wire wound. The resistance wirel 
wound around a form called a card or mandr^j 
The wiper arm glides along the resistance wir 
making contact with it to complete the outpi 
circuit. The movement of the wiper from one tur 
to the next will add resistance between the wit 
and one end of the winding, while simultarn 
removing an equal amount of resistance fj 
between the other end and the wiper. Since 
voltage drops along the winding are proportion 
to the resistance, the voltage picked off by 
wiper increases from zero at one end of the wii 
ing to maximum value at the other end. 

In most of the potentiometers you will worker 
the motion of the wiper arm is rotary and ti) 
card has a cylindrical shape. There are single 
turn potentiometers, in which the wiper is limits 
to one revolution or less, and multiturn potentio 


meters, in which the wiper can make maq 
revolutions. 


144 


i MECHANICAL 
!ADJUSTMENT 


ffiL 


r4 - 



LOAD 

V 

Supply rheost at 


VOLTAGE 



Figure 5-54.—Rheostat circuit. 
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The wiper arm in some potentiometers moves 
1 a translatory manner (back and forth in linear 
lotion). This type has limited application in the 
liasile field. Functionally, however, its operation 
Kthe same as potentiometers with rotary wiper 
iotlon. 

lypes of Potentiometers 


LINEAR POTENTIOMETERS. — A linear po- 
sntiometer’s resistance wire is evenly wound and 
to card is of uniform width throughout. Thus the 
aput voltage is distributed equally across each 
irn of the resistance wire and evenly along the 
rinding. Therefore, a movement of the wiper from 
ne turn to the next will add equal amounts of 
esistance. And it follows that the output voltage 
rill vary linearly with the movement of the input 
haft, In other words, for the same amount of 
haft rotation equal changes in the output voltage 
rill be obtained. 


™ NONLINEAR POTENTIOMETERS. —A non- 
fiiear potentiometer is one whose voltage output 
I proportional to a nonlinear function of the input 
haft’s rotation. The resistance wire is wound on 
fcecially shaped cards so that each turn has a 
Afferent length of wire, thus the total resistance 
fe distributed unevenly along the length of the 
rinding. Therefore, the voltage output will vary 
n a nonlinear fashion as the wiper is moved 
from one turn to another. Cards can be shaped 
0 produce an output voltage proportional to many 
fictions, such as sine and cosine. 

Nonlinear potentiometers are sometimes re¬ 
ferred to as computing, shaped, or tapered. We will 
#ver nonlinear potentiometers in greater detail 
to the chapter on analog computers. 


VOLTAGE OUTPUT OF 

ACTUAL POT OF SAME BEST STRAIGHT LINE 

TYPE AS PERFECT POT FAIRED THROUGH POT 

(LINEARITY CURVE) LINEARITY CURVE 



55.6 

Figure 5-55. — Zero base linearity curve. 


0.01 volts. From the formula shown in the figure, 
we can determine that with a supply voltage 
of 10 volts, the linearity of the potentiometer is 
0.1 percent. 

There are many factors which will cause a 
potentiometer’s output to deviate from the 
designed value. Some of these factors are: 

1. Fluctuations in the supply voltage. 

2. Unwanted eccentricity of the wiper arm 
motion. 

3. Imperfections in the resistance material. 

4. Noise in the potentiometer. 

5. Potentiometer resolution. 

6. Loading of the potentiometer. 

RESOLUTION. —The resolution of a potentio¬ 
meter is determined by the way its resistance 
element is constructed. Most resistance elements 
are composed of coiled resistance wire. As the 
wiper is moved across these coils, the resistance 
tapped off will vary in small steps, called 
increments (fig. 5-56). Resolution is the term 


Potentiometer Characteristics 

LINEARITY. — A potentiometer does have a 
small amount of deviation from the correct rela¬ 
tionship between the input shaft rotation and the 
roltage output. This deviation is generally ex¬ 
pressed in percentage of the total voltage and is 
dually shown on the housing of the potentiometer, 
to figure 5-55, a linear potentiometer’s output 
Wltage curve varies from a straight line. (In 
pneral, linearity is a straight line relationship 
between quantities.) The deviation never exceeds 
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Figure 5-56. —Reason for pot resolution. 
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used to describe the smallest increment of 
resistance as the wiper moves from turn to turn. 

An increment is the amount of resistance of one 
coil of wire. The size of these increments with 
respect to the total resistance determines the 
resolution of the potentiometer. Thus, resolution 
equals the smallest increment (I) possible divided 
by total potentiometer resistance (Rt). The 
formula for percent of resolution would equal: 

Resolution (percent) = 1 . 

It should be apparent to you that resolution 
of a potentiometer is of importance in a fire 
control system. Potentiometer resolution is a 
system design function and accordingly, a pot¬ 
entiometer should NOT be replaced by a sub¬ 
stitute potentiometer with a different resolution. 

LOADING EFFECT.— Since the load is in 
parallel with some of the resistance of the 
potentiometer it will draw some current. But the 
output current is held to a minimum by feeding 
the output into a load whose resistance is high 
compared to the potentiometers’ resistance. 

The graphs in figure 5-57 illustrate the 
loading effect on a linear potentiometer. Part A 
shows that with a high resistance load the 
loading effect is negligible. But, if the load 
has a low resistance as shown in part B of 
the figure, then the loading effect is great and 
the output voltage will change considerably. 


NOISE. — Noise is a fluctuating distortioi 
the potentiometer’s output, (fig. 5-58). N< 
may be caused by several factors. Volt 
variations may be caused by resistance chan 
between the wiper and the resistance elemej 
The tension of the wiper may vary, or fon 
matter between the wiper and the resists 
element may cause unwanted resistance chan 
in the potentiometer. In wire-wound potenl 
meters, noise is generated because of the & 
action as the wiper moves from one coil 
another. 

TACHOMETER GENERATORS 

A tachometer generator, commonly cal 
“tach” for short, produces a voltage whose m; 
nitude is proportional to the number of revo 
tions its rotor makes per unit of time. The ph 
or polarity of the output voltage is determined 
the direction the rotor is turned. Hence a tac 
output voltage is representative of the speed; 
the direction of the rotor’s motion. 

The tach’s rotor is mechanically coupled to 
drive shaft of the unit whose velocity we wist 
measure. Thus its output voltage is an ana 
representation of the unit’s velocity or rate 
motion. 

Tachometer generators are sometimes i 
ferred to as rate generators. 

A. c. Tachometer Generators 




55.8 

Figure 5-57. —Loading effect on single-input pot. 


The drag-cup tachometer generator (fig. 5-5 
shows the construction and operating princip 



55 

Figure 5-58. —Pot noise as seen on an oscill 
scope. 
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Figure 5-59. — A. c.drag-cup rate generator: A. Rotor stationary; 
B. Rotor turning clockwise; C. Rotor turning counterclockwise. 


55.40 


of the a.c. drag-cup generator. The tach has two 
stator winding 90 degrees apart, and an aluminum 
or copper cup rotor. The rotor rotates around a 
stationary soft-iron magnetic core. One stator 
winding, is energized by a reference a.c. source. 
The other stator winding is the tach’s output or 
secondary winding. 

The tach’s operation is based on transformer 
principles. The voltage applied to the primary 
winding creates a magnetic field. If the drag-cup 
rotor is stationary, the magnetic field is at 
right angles to the secondary winding (fig. 5-59A). 
When the rotor of the tach is turned, it distorts 
the magnetic field so that it is no longer 90 
electrical degrees from the secondary winding. 
Flux linkage is created with the secondary wind¬ 
ing and a voltage is induced (fig. 5-59B and C). 
The amount the magnetic field will be disturbed 
is determined by the angular velocity of the rotor. 
Therefore, the magnitude of the voltage induced 
in the secondary winding is proportional to the 
Motor’s velocity. 

The direction of the magnetic field’s distortion 
is determined by the direction of the rotor’s 


motion. If the rotor is turned in one direction 
the lines of flux will cut the secondary winding 
in one direction. If the motion of the rotor is 
reversed the lines of flux will cut the secondary 
winding in the opposite direction. Therefore, the 
phase of the voltage induced in the secondary 
winding measured with respect to the phase of 
the supply voltage is determined by the direction 
of the rotor’s motion. 


The frequency of the tach’s output voltage is 
the same as the frequency of the reference 
voltage. This is reasonable since the magnetic 
field produced by the primary winding fluctuates 
at the supply’s frequency. The output voltage is 
generated by the alternating flux field cutting the 
secondary winding; therefore, the output voltage 
must have the same frequency as the supply 
voltage. 


Another type of a-c tach has a squirrel-cage 
rotor. Otherwise its construction and principles of 
operation are identical to the drag-cup tach. You 
studied generators with squirrel-cage rotors in 
the Basic Electricity course, NavPers 10086-B. 
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D. c. Tachometer Generators 


The d.c. tachometer generator employs the 
same principles of magnetic coupling between the 
reference winding and the output winding as the a-c 
tach. However, the d.c. tach has a stationary 
primary magnetic field. This magnetic field is 
frequently supplied by permanent magnets built 
into the tach. The amount of voltage induced in 
the rotor winding is proportional to the magnetic 
flux lines the winding cuts. The polarity of the 
output voltage is determined by the direction in 
which the rotor cuts the lines of magnetic flux. 


ELECTRICAL COMPONENTS 


FUSES 

The simplest and most common protective 
device is a fuse. Functionally, a fuse consists 
of a metal alloy strip or wire, and terminals 
for electrically connecting the fuse into the 
circuit. Most fuses are made of an alloy of tin 
and bismuth; but copper, aluminum, German 
silver, or iron alloys also have been used. All 
fuses are rated by the amount of current that is 
safely carried by the fuse element, and by 
voltage. Usually, the current rating is in amperes, 
but some fuses are rated in fractions of an 
ampere. 

The fuse element is designed to melt when 
the current through it exceeds its rated value. 
Thus, when the circuit is overloaded, the fuse 
element melts and opens the circuit that it is 
protecting. However, all fuse openings are not 
the result of overloads. Aging of the fuse element, 
poor contact at the fuse holder, and the con¬ 
dition of the surrounding atmosphere will affect 
the time required for the element to melt. A 
fuse is always placed in series with a circuit 
so that it opens the circuit automatically, if 
excessive current is drawn. 

Delayed-Action or Time-Delay Fuses 

Some equipment, such as electric motors, 
requires more current to start than for normal 
running. Thus, a fuse rating that will give, 
running protection might blow during the period 
when high current is required. Delayed-action 
fuses have been developed to handle these situa¬ 
tions. 


A heater element is connected in paralS 
with the fuse element in order to get the dfl 
layed action. During normal operation the ha 
developed in the fuse link is not great enoug 
to melt the link. The melting, or opening. I 
the fuse link depends on the transfer of heatl 
the link from the heater. Therefore, more tim 
is needed to melt the link than would be 
quired if the link were directly heated. 

Because the heater and fuse element are f 
parallel, the opening of the fuse element wi] 
cause the total circuit current to flow throug 
the heater. The high current will cause th 
heater to burn out and completely open th 
circuit. i 

Another type of delayed-action fuse has 
fuse element and heater connected in series 
Current above that of the rated value fori 
short time will not open the fuse or heatei 
However, prolonged overloads cause the heate 
section to become hot enough to melt the junctid 
between the elements and open the circull 
Delayed-action fuses are sometimes calle 
“slow-blow” fuses, and two trade names, Fusd 
stat and Fusetron, are in common use. 4 


Cartridge Fuses 


* 

4 


Cartridge fuses are made in various physic! 
sizes. The more common types of these fuses an 
their holders are shown in figure 5-60. The currei 
capacity of each fuse is marked on the side c 
one of the ferrules (end caps). The size i 
indicated by the AG or AB number. The A< 



CURRENT LIMITER 
(COPPER FUSE) 


i2.ej 

Figure 5-60. —Cartridge fuses and fuse holders 
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dicates a glass body and the AB a bakelite 
>dy. Listed below are the dimensions of the 
andard AG and AB numbers. 

1 AG or 1 AB is 5/8 in. long and l/4 in. 

. diameter. 

3 AG or 3 AB is 1 l/4 in. long and l/4 in. in 
ameter. 

4 AG or 4 AB is 1 l/4 in. long and 9/32 in. 

. diameter. 

5 AG or 5 AB is 1 l/2 in. long and 13/32 
. in diameter. 

These fuses are rated at 80 percent of the 
irrent that they will carry indefinitely. The 
ISTANTANEOUS fuse must be able to carry 
current 10 percent greater and must open 
e circuit at a current 25 percent greater than 
e fuse rating. 

urrent Limiters 

Devices somewhat similar to fuses, called 
irrent limiters, are used in circuits that carry 
igh currents. (See fig. 5-60.) The current 
miter consists of a copper link of carefully 
redetermined sections. The sections melt when 
normally high currents start to flow. The 
citing sections have a high arc resistance to 
!ep the circuit current within the capacity of 
e limiter. If the excessive current is only 
temporary surge, the melting ceases and the 
rcuit continues to operate as if no abnormal 
irrent had been present. Repeated applications 
'excessive current, or uninterrupted application 
•r a period of several seconds, melt through 
e sections and cause the limiter to function 
the same manner as a fuse. 

use Holders 

The most common class of fuse holders 
led in Navy test equipment is the post type 
>lder shown in figure 5-60. It may be a screw-in 
‘ a bayonet type, both of which are securely 
ounted to the chassis or front panel of the 
[uipment. The purpose of the holder is the 
une, regardless of type — to hold the fuse se- 
irely with good electrical connect and phys- 
al stability for protection from mechanical 
bration and electrical short circuit. 

Care should be used to ensure that the fuse 
of a physical size compartible with the holder, 
uses which are undersized allow physical 
ovement and arcing, resulting in a blown fuse, 
*ratic operation, or a damaged holder; fuses 


which are too large may cause cracking or 
breaking of the holder. Force should never be 
applied to either the fuse or the holder, since 
most are fragile devices. 

Post type fuse holders are normally series- 
connected in the line, with the end connection to 
the power source and the center connection to 
the load. When connected in this fashion, the 
equipment is protected in the event of a broken 
holder—a short circuit from fuse holder to 
chassis ground will result in a blown fuse and 
excessive current will not flow. Reversed con¬ 
nections will not furnish this protection. 
Connection is normally made by solder connec¬ 
tions, although some fuse holders are connected 
by use of the screw and lug method. 

The type EL-l fuse holder consists of a base 
and a plug, as shown in figure 5-61. The base 
extends behind the panel, and into it is screwed 
the plug containing the fuse. Behind a hole in the 
plug cap is a small neon lamp used as a blown- 
fuse indicator, which lights when the energized 
circuit through the holder is interrupted by the 
blowing of a fuse. Series resistors of different 
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Figure 5-61. —Fuse holder, type EL-1. 
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values are used with the lamp on 125- and 250- 
volt circuits, except for the MIDGET holder, 
which is rated for 125 volts only. 

The types FHLlOG, FHL11G, and FHL12G 
(fig. 5-62) consist of fuse holder body and a fuse 
carrier. The body is mounted on the panel, and 
the carrier with the fuse placed in the clips is 
inserted into the body in a manner similar to 
inserting a bayonet type lamp into a socket. 
Removal of the fuse is accomplished by pushing 
and turning the fuse carrier in a counterclock¬ 
wise direction, again similar to the removal of a 
bayonet base lamp. The types FHLlOG and 
FHLllG accomodate 1 1/4'/ x 1/4" diameter 
fuses. The type FHLlOG will hold two fuses and 
can therefore be used to fuse both sides of the 
line, or, in conjunction with a type FHLllG, will 
fuse a three phase line. Type FHL12G will ac¬ 
commodate 1 1/2" x 13/32" diamter fuses. 

The extensive use of low-voltage power sup¬ 
plies has required the use of incandescent lamps 
in place of neon glow lamps in some indicator 
light circuits. A modification of the type FHLlOG 
fuse holder has recently been designed, which 
provides a third terminal connected to a 28-volt 
incandescent lamp in the cap. By insertion 
of a suitable resistor between the load terminal 
and the added terminal, the lamp will be energized 
by a sufficient voltage to become visible when 
the fuse has blown, In some low-voltage fuse 
holders the resistor and lamp are included within 
the clear plastic cap. Low-voltage fuse holders 


should not be used in sensitive, low-current 
equipment. Where an overload condition occurs 
and the fuse blows, the low resistance indicator 
circuit may pass sufficient current to damage 
the equipment. 

Due to the design of certain fuses and in 
cases where space does not permit use of in¬ 
dicator type fuse holders, separate indicator 
light circuits are mounted on a panel and con¬ 
nected in parallel with separately mounted fuses 
and fuse clips. In some cases an alarm circuit 
in the form of a bell or buzzer is used in place 
of the indicator light. 

Blown-Fuze Indicators 

It is not always possible to detect a blown 
fuse by a visual examination. Hence, fuses are 
often equipped with a device that will provide 
a visual indication so that a blown-fuse condition 
can be readily detected (fig. 5-63). These devices 
consist of the spring-loaded and the neon-lamp 
types of blown-fuse indicators. 

In the spring-loaded type (fig. 5-63A), when 
the link opens, it releases a spring that is held 
under tension. This action exposes an indicator, 
which makes the visual location of the blown 
fuse possible. 

The neon-lamp type (fig. 5-63B) is designed 
to be mounted on the fuse. When the link opens, 
a neon lamp glows to show a blown fuse. 



140.13 

Figure 5-62. — Fuse holder, type FHL 12G. 



A" SPRING-LOADED INDICATOR 



B-neon-lamp INDICATOR 

77.95 

Figure 5-63. — Blown-fuse indicators. 
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1BLING 

ipes of Cables 

The various electronic systems aboard ship 
pend on power supplied by the ship’s service 
nerators. This power is distributed to the 
Wtronics spaces by a system of cables. Power 
bles are normally installed by shipyard forces, 
t the FT should know in detail the location 
d characteristics of the cabling that supplies 
i equipment with which he works. 

You should become familiar with the current- 
rrying capacity of cables; their insulation 
rength; and their ability to withstand heat. 
Id, dryness, bending, crushing, vibration, twist- 
5 , and shock. Several types of cables are used 
the applications under discussion, with design 
aracteristics suited to their location and pur- 
tee. 

Type SGA (Shipboard, General use, Armored) 
ibles are designed to have a minimum diameter 
id weight consistent with service requirements 
i fixed wireways on combatant naval vessels. 
Us type supersedes the older, widely used 
pe HFA (Heat and Flame resistant, Armored) 
ible. 

Type SSGA cable (fig. 5-64) consists of 
trended copper conductors (in this case, only 
ae conductor—indicated by the “S” before SGA) 
ifiulated with silicone rubber and glass fibers 
round which is placed an impervious sheath, 
he sheath is covered with braided metal armor, 
then a coat of paint is applied. 

The SGA cables are designed as follows: 
l) SSGA, single conductor; (2) DSGA, twin 
double) conductor; (3) TSGA, three conductor; 
fld (4) FSGA, four conductor. 


i 


SILICONE IMPERVIOUS 

RUBBER SHEATH 



OXXJCTOft FIBERS ARMOR 

1.33 

Figure 5-64. — SSGA cable. 


The HFA cables (also composed of stranded 
copper conductors) are designated as follows: 
(1) SHF A, single conductor; (2) DHFA, twin 
(double) conductor; (3) THFA, three conductor; 
(4) FHFA, four conductor; and (5) MHFA, multi¬ 
conductor. 

Twisted-pair telephone cables are designated 
as TTHFWA. 

Many applications aboard ship require cables 
that can be bent and twisted again and again 
without damaging the conductor insulation or 
the protective covering. For such applications, 
flexible cables are used. 

Flexible cables have synthetic rubber or 
synthetic resin insulation and a flexible sheath 
that is resistant to water, oil, heat and flame. 
However, these cables are not as heat and flame 
resistant as armored HFA and SGA cables. 
Flexible cables for general use are designated 
by the letters HOF — For example, DHOF,THOF, 
and FHOF. Flexible cables for limited use are 
designated by the letters COP —for example, 
DCOP, TCOP, and FCOP. 

Other types of cables used in electronics 
work are: 

1. DRHLA —Double conductor, radio, high- 
tension, lead armored. 

2. FHFTA — Four conductor, heat and flame 
resistant thin-walled armor. 

3. MCSP —Multiple conductor, shieldedpres- 
sure resistant (submarine applications). 

4. TTRSA—Twisted-pair telephone, radio 
shielded, armored (characteristic impedance ap¬ 
proximately 76 ohms)* 

Designation of Conductor Size 

Generally, when the size of the individual con¬ 
ductors contained in the cable is indicated in 
the cable designation, the numeral (or numerals) 
following the letter designation indicate the ap¬ 
proximate cross-sectional area of the individual 
conductors in thousands of circular mils to the 
nearest thousand. For example, TSGA-60 is a 
3-conductor armored cable for general shipboard 
use, with each conductor having a cross-sectional 
area of 60,090 circular mils. However, when 
the numerals immediately following the letter 
designation indicate the number of conductors 
comprising the cable, the size of the individual 
conductors may be indicated by additional 
numerals enclosed in parenthesis. For example, 
MDGA-19(6) is a 19-conductor electrical power 
cable for shipboard nonflexing service, with each 
conductor having a cross-sectional area of 6,5l2 
circular mils. 
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Multiple-Conductor Cable 
Designations 

Multiple-conductor cable types and class des¬ 
ignations are followed by a number that indicates 
the number of conductors. For example, MSCA-30 
is a heat and flame resistant armored cable with 
30 conductors. 

For telephone cable, the number indicates 
twisted pairs. For example, TTHFWA-25 means 
that the cable contains 25 twisted pairs; TTRSA- 
4 means that the cable contains 4 pair indi¬ 
vidually shielded. 

Selection and Installation of 
Cables 

You should have some knowledge of the 
power cables feeding fire control equipment. 
There are at least five items that must be 
considered when power cables are installed 
They are (1) the maximum connected load in 
amperes, (2) the possible added load due to 
future installations, (3) the demand factor (that 
is, the average demand in amperes over a 
15-minute interval divided by the total connected 
load in amperes), (4) the cable service rating 
(the physical characteristics required for a 
given type of service), and (5) the maximum 
allowable voltage drop in the part of the circuit 
under consideration. 

The current-carrying capacity and voltage- 
drop limitations determine the cable size for a 
particular application. The current capacity is 
dependent upon the type and size of the conductor, 
the permi ssible temperature rise, and the physical 
characteristics of the space in which the cable 
is installed. The allowable voltage drop depends 
on the type of load connected to the circuit. 

All connections to cables are made in stand¬ 
ard appliances and fittings; splice connections 
are not made. However, cable splices are per¬ 
mitted as an emergency repair (by ship’s force), 
and on a limited basis (by repair activities) where 
it has been determined that time and replacement 
cost is excessive, and existing cable is in 
good condition. Cables entering watertight equip¬ 
ment are brought into the equipment through 
stuffing tubes (stuffing tubes and kickpipes are 
discussed later). Where cables pass through decks 
and watertight bulkheads, stuffing tubes are used. 
Cables passing through decks are protected from 
mechanical injury by kickpipes or riser boxes. 


Cable Tags 


All ship’s cables are identified by men 
tags. For example, electronic cable desigd) 
tion 2R-FB7 (fig. 5-65) will illustrate the metho 
of marking the cables between units of equip 
ment. The 2R-FB indicates the second guidflj 
missile fire control radar on the ship; R n 
dicates electronics, FB indicates a guided missil 
radar circuit. The 7 indicates cable number 
of the guided missile radar. 

i 

CONNECTORS A 


In the discussion which follows, the wor 
“connector” is used in a general sense. It 
plies equally well to connectors designated 
“AN” numbers and those designated by “1 
numbers. AN numbers were formerly used fc 
all supply items cataloged jointly by the Arm 
and Navy. Many items, especially those of olcW 
design, continue to carry the AN designated 
even though the supply system is shifting ov« 
to MS (Military Specification) numbers. 


Connector Construction 


Electrical connectors are designed to pro 
vide a detachable means of coupling betwe^ 
major components of electrical and electroni 
equipment. 

These connectors vary widely in design an 
application. Each connector consists of a pin 
assembly and a receptacle assembly. The tw 
assemblies are coupled by means of a couplin 
nut, and each consists of an aluminum she! 
containing an insulating insert which holds th 
current-carrying contacts. The plug is usuall 
attached to a cable end and is the part of th 
connector on which the coupling nut is mountec 
The receptacle is the half of the connector t 
which the plug is connected and is usuall 
mounted on a part of the equipment. 


SECURE TAG TO CABU 
AS SHOWN 


TYPICAL MARKING 



Figure 5-65.—Typical cable tag. 
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There are wide variations in shell type, de- 
dgn, size, layout of contacts, and style of insert. 
||x types of connector shells are shown in 
Igure 5-66. 

Connectors MS 3100 is a wall-mounting re- 
eptacle. It is intended for use with conduit to 
iiminate the necessity of installing conduit 
races. 

Connector MS 3101 is a cable-connecting 
eceptacle, and is used with cable or in other 
Mtillations where mounting provisions are not 
equired. 

MS 3102 is a box-mounting receptacle, and 
I intended for use where a detachable con- 
potion is required on a shielded box or unit 
f equipment. 

MS 3106 is a straight plug which i6 used when 
Ircuits are to be connected where space limita- 
ons are not critical. It consists of a front 
bell (usually referred to as an “insertbarrel”), 

coupling ring, the insert, an insert retaining 
evice, and a rear shell. 

MS 3107, a quick-disconnect plug, is used 
here very rapid disconnections must be made. 

special coupling device is used instead of a 
Bupling ring; otherwise it is similar to MS 3106. 


AN 3100 AN 3101 AN 3102 


AN 3106 AN 3107 



AN 3108 


12.76 

Figure 5-66. — Connector shells. 


MS 3108, a 90° angle plug, is similar in con¬ 
struction to MS 3106 except that the rear shell 
provides a right angle bend which is required 
where space is limited. 

The shells of MS connectors are made in 
eight types, each for a particular kind of ap¬ 
plication. A letter designation is used in the 
MS number to indicate the shell design, as in 
MS 3106E, where E is the shell type indicator. 
The shell indicators are as follows: 

A —Solid shell. 

B — Split shell. 

C — Pressurized type. 

D — Sealed construction. 

E—Environment resistant. 

F — Vibration resistant. 

H — Flame barrier shell. 

K— Fireproof construction. 

Solid shell connectors are used where no 
special requirements, such as fireproofing or 
moistureproofing, must be met. The rear shells 
are made from a single piece of aluminum. 

Split shell connectors allow maximum ac¬ 
cessibility to soldered connections. The rear 
shell is made in two halves, either of which may 
be removed. Figure 5-67 shows an exploded 
view of one type of a split-shell connector. 

Pressurized connectors provide a pressure- 
tight feed-through for wires that pass through 
walls or bulkheads of pressurized compartments. 

The contacts are usually molded into the 
insulator, and the shell is spun over the as¬ 
sembly to seal the bond. 

Sealed connectors are employed in equip¬ 
ment that is sealed and operated under gas pres¬ 
sure. These connectors include a glass-to 
metal seal and have either special rubber inserts 
or a cementing compound applied to the insert. 

Vibration-resistant connectors are designed 
for use in equipment that is subjected to intense 
vibrations in installations on or near reciprocat¬ 
ing engines. 

Fireproof connectors are made under speci¬ 
fications which require that the connector main¬ 
tain effective electrical service for a limited 
time even when exposed to fire. The inserts are 
made of a ceramic material, and special crimp 
type contacts are used. 
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Figure 5-67. — Exploded view of a split-shell connector. 


AE.59 


Moisture-resistant connectors consist of a 
combination of the features of the solid shell, 
the pressurized, and the vibration-resistant types. 
The component parts of this kind of connector 
are shown in figure 5-68. 

As pointed out previously, there is a MS 
numbering system for identifying the connectors. 
For example, a connector may be identified as 
consisting of a MS 3106B-22-12S plug with a 
MS 3102-22-12P receptacle. These identifying 
letters and numbers stand for the following: 


MS.MS nomenclature system 

3106.Specification number for 

plug (straight plug) 

3102.Specification number for 

receptacle (box receptacle) 

B.Shell design (split type) 

22.Size of the shell 

12.Insert arrangement 

P. . ..Pin contacts 

S.Socket contacts 


Occasionally it may be necessary for you 
to fabricate a cable using MS connectors. The 
type of connector to be used will be specified 
in the maintenance manual for the particular 
equipment. 


COAXIAL CABLES AND 
CONNECTORS 

Flexible coaxial cables (sometimes called 
^F cables) are a special type of cable used for 


carrying video and RF signals, cathode-ray- 
tube sweep currents and voltages, trigger rang* 
marks, blanking pulses, and other signals a 
radar receivers, transmitters,and indicators 
These cables are constructed with special con¬ 
siderations for shielding, impedance, capac¬ 
itance, and attenuation. All of these factors an 
of importance in many circuits. Coaxial cablei 
have neither induction nor radiation losses. Thes* 
lines have low attenuation even at very higl 
frequencies, and are used at frequencies as higl 
as 3,000 MHz. 

The name coaxial is derived from the con¬ 
struction, in that the inner and outer conductor! 
have a common axis.' These cables consist of ai 
inner conductor, a dielectric insulator, an oute: 
conductor, and an outer covering. The inne: 
conductor is usually made of copper, either plain, 
tinned, or silver coated. The dielectric insulatioi 
is usually polyethylene, although other materiali 
are used. The outer conductor is made of a singl» 
or double braid of either plain, tinned, or silve: 
coated copper. The outer covering is made o 
a synthetic resin (vinyl), teflon tape, or chlo* 
roprene. This covering serves both as weather 
proofing and protection from mechanical abuse 

Flexible coaxial cables are classified li 
four groups; namely, general purpose, high tem¬ 
perature, pulse, and special characteristics 
The general purpose cables consist of varioui 
sizes of cables as just described. The higj 
temperature cables are basically the same bu 
usually have a dielectric made of teflon, an 
the outer covering is made of teflon tape an 
fiber glass braid which enables it to withstan 
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h temperatures. Pulse cables have the ability 
withstand high voltages because of conductor 
icing and the type of dielectric used in their 
istruction. Figure 5-69 and 5-70 illustrate 
four groups of flexible coaxial cables. 

The special characteristics cables are made 
various materials and sizes of inner con- 
tor, outer conductor, dielectric, and outer 
ering. By varying these parts the capaci- 
ce, impedance, shielding, attenuation, voltage 
ing, and the ability to withstand weather 
I abuse are varied to fit special requirements, 
th exception of the special characteristics 


type, these coaxial cables have an impedance 
in the order of 50 to 75 ohms. The impedance 
of the special characteristics type is often much 
higher. An example is the RG-65A/U which 
has an approximate impedance of 950 ohms 
and is used as a high impedance VIDEO cable. 
In replacing a coaxial cable, care should be 
exercised to use the correct replacement. Other¬ 
wise most of the advantages of coaxial cables 
are lo6t. 

At frequencies near 3,000 MHz flexible coaxial 
cables have appreciable losses. At these fre¬ 
quencies rigid coaxial cables are used with air 



1. Insert barrel. 

2. Split nut (half). 

3. Coupling nut. 

4. Split-nut retaining ring. 

5. Insulator. 

6. Contact (pin). 

7. Grommet. 

8. Ferrule. 


9. Angle—90° end bell. 

10. Telescoping gland busings 

11. Telescoping gland busings 

12. Bushing washers. 

13. Gland-clamp fittings. 

14. Clamp saddles. 

15. Clamp-saddle screws. 

16. Lockwashers. 


Figure 5-68. —Exploded view of a 90° angle connector. 
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GENERAL PURPOSE CABLES 

MIL TYPE - RG-59B/U MIL-C-17/29 



HIGH TEMPERATURE CABLES 

MIL TYPE - RG-140/U MIL-C-17/58 



Figure 5-69. —General and high temperature coaxial cables. 


167.744 


as the dielectric. The inner conductor is sup¬ 
ported by ceramic or polystyrene beads. 


Coaxial connectors are divided into series 
and are shown in figure 5-71. Each series con¬ 
sists of plugs, panel jacks, receptacles, and 
straight and right angle adapters. 


Series UHF connectors are low-cost, gen¬ 
eral purpose connectors of nonconstant im¬ 
pedance. The small and large coaxial types are 
for use with small and medium size coaxial 
cables in applications where line imbalance or 
increased standing wave ratio is not important. 
Where impedance matching is necessary, C, N, 
or BNC series connectors are used. Both small 


and large series UHF connectors can be weather 
proofed for outdoor use but most are non- 
weatherproof. 


The twin connectors are similar to the sei 
UHF connectors except for the fact that t 
have twin center conductors and are to 
used with small and medium si zed twin-conduc 
cables. Twin connectors are available in sn 
weatherproof and nonweatherproof types and la 
nonweatherproof types. 


Series N connectors are the most popi 
constant impedance connectors for medium t 
coaxial cables. They can be u6ed up thro 
microwave frequencies with minimum line i 
balance or increase in standing-wave ra 
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PULSE CABLES 


TYPE - RG-156/U MIL-C-17/101 



SPECIAL CHARACTERISTIC CABLES 
MIL TYPE - RG-65A/U MIL-C-17/34 


JACKET 


DIELECTRIC 


INNER 
CONDUCTOR 



OUTER CONDUCTOR 


INNER CORE' 


Figure 5-70. — Pulse and special characteristic coaxial cables. 
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Althou#i series N 50-ohm and 70-ohm con¬ 
n's do not mate, 70-ohm cables may be 
with 50-ohm series N connectors where 
iped&nce matching is not critical. Series N 
lectors are completely weatherproof. 

Series C connectors are similar to 50-ohm 
les N connectors in that they are used with 
same cables, are weatherproof, and can be 
Jjied up through microwave frequencies. How- 
■» they are mechanically and electrically 
irior to series N connectors. Series C con¬ 
n's feature bayonet-lock type coupling for 
< oonnect and disconnect, an improved cable 
mechanism for better cable grip with 


minimum cable indentation, and are intended 
for use up to 1,000 volts. 

Series BNC connectors (fig. 5-72) are com¬ 
monly used on small coaxial cables. All 
incorporate quick connect and disconnect bayonet- 
lock coupling and are weatherproof. Besides 
regular and modified low-voltage types of non¬ 
constant impedance, improved series BNC con¬ 
nectors are available which have a constant 
50-ohm impedance and yield excellent electrical 
performance up to 10,000 megahertz. 

Series HN connectors are weatherproof, high- 
voltage connectors of constant impedance for 
use with 50-ohm RF cables. 
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IT 

SERIES 

^ 47 

TMC 

SERIES 




_ _ 

TPS 

SERIES 



SM 

SERIES 



PULSE 

SERIES 






SKL 

SERIES 


MINIATURE 

(SCREW-ON) 

SERIES 

V 


Figure 5-71. — Several typical coaxial connectors. 


AQ.368 



AQ.369 

Figure 5-72. —Exploded view of a standard BNC 
connector. 


Series LC connectors are large, 50-ohm, 
weatherproof connectors designed for applica¬ 
tions involving the transmission of large amounts 
of RF power. 

Series BN connectors are small, lightweight 
connectors (of non constant impedance) designed 
for use with the same coaxial cables which use 


BNC connectors. BN connectors are not recom¬ 
mended for applications at frequencies in excess 
of 200 megahertz unless electrical requirements 
of the circuit are not critical. They may be used 
at peak voltages up to 250 volts. 

Series LT connectors are very similar in 
appearance to series LC; however, series LT 
differ not only in cable accommodation but are 
lighter than series LC connectors. Series LT 
connectors are large, 50-ohm, 5,000-volt con¬ 

nectors for use with Teflon RG-117/U cable? 

Series TNC connectors are basically identical 
with series BNC connectors. The major differ-' 
ence is that TNC connectors have a threaded 
type coupling instead of the bayonet-lock coupling. 
Consequently, TNC connectors are usually pre¬ 
ferred in applications which are subject to 
extreme vibration. 

Series TPS connectors are weatherproof an^ 
designed to produce minimum electrical dis- 
contin uities in small size 50-ohm coaxial cable 
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i to a frequency of 10,000 megahertz. The con- 
ictors are rated at 1,500 volts rms at sea 
vet; their use is governed by the temperature 
nitations of their associated cables. 

Series SM connectors are nonweitherproof 
tings for coaxial cables of l/4-inch overall 
ameter and smaller. They may be used where 
ectrical matching is not required. The SM 
nnectors are smaller and contain fewer parts 
an the BNC series. The SM series employs a 
male center-conductor contact on plugs and a 
ale center-conductor contact on jacks and re- 
iptacles. However, for consistency in cataloging 
id usuage, a plug is still regarded as having 
male mating end and a receptacle or jack as 
male. The SM series is not intended to re¬ 
ace the BNC series except for internal equip- 
ent connections where weatherproofness is not 
jquired. 

The pulse connectors are designed for high- 
)ltage pulse or direct-current applications, 
hey are nearly all weatherproof and available 
l three types—rubber-insert, ceramic-insert, 
laxial. The rubber-insert type PULSE con- 
ectors have a peak voltage rating of 5,000 volts, 
hey are designed principally for use with 
ables having an insulated Neoprene layer under 
le braid, such as RG-77/U and -78/U. 

They may be used with cables employing a 
onducting rubber under the braid (such as RG- 
5/U, -26/U, and -64/U) provided special care 
3 taken in assembling the connectors to these, 
he ceramic-insert pulse connectors are avail- 
ble in small (type A) and large (type B) sizes. 
*ype A connectors are designed for use with the 
,000-volt RG-25/U, -26/U and type B with the 
5,000-volt RG-27/U, -28/U cables. (Special 
are is required when assembling connectors to 
lese.) Pulse connectors tend to leak noise 
hich may interfere with communications equip¬ 
ment. Triaxial connectors are used in trans¬ 
mission line applications where maximum RF 
hielding and minimum noise radiation are re¬ 
hired. They are commercially available in 
i»8 of the same diameter as the BNC series 
ad C series (and possibly others). Some of 
teae connectors have been used in military 
Shipment and some within-series adapters are 
°®mercially available. 

The SKL connectors were originally designed 
a provide a connection to a klystron tube. Newer 
'lystrons are being equipped with BNC con- 
*oto"s. Various modifications were subse- 
Nitly designed to provide general purpose 
&ble-to-cable connections and adapters. 


Miniature connectors have a gold finish, 
employ screw type coupling, and Teflon dielec¬ 
tric. They have a nominal impedance of 50 
ohms, a sea-level breakdown voltage of 1,500 
volts rms, a practical frequency limit of 10,000 
megahertz, and are designed for operation up to 
200°C. 

STUFFING TUBES AND 
KICKPIPES 

Two classes of stuffing tubes are illustrated 
in figure 5-73. The class shown in part A is 
designed to be installed in the wall of an elec¬ 
trical appliance or fitting to permit the insertion 
of an electric cable. The cable is terminated in 
the appliance. The clas6 shown in part B is 
designed to be installed in a deck, bulkhead, or 
hull to permit an electric cable to be passed 
through the structure. The cable is not termi¬ 
nated after passing through the tube but con¬ 
tinues to some distant point. 

Both classes of stuffing tubes are forms of 
packing glands and serve a common purpose in 
preventing the passage of liquids and gases at 
the point of cable entrance. 

A kickpipe is a pipe used to pass cables 
through decks wherever cable protection from 
mechanical injury is needed. The minimum 
length of a kickpipe is nine inches and the 
maximum length depends on the requirements. 
If the length of the kickpipe is over twelve inches, 
the top of the kickpipe is secured by a brace. 

More recently nylon stuffing tubes have been 
developed by the Naval Ship Systems Command, 
formerly the Bureau of Ships. These stuffing 
tubes (fig. 5-74) are extremely durable and 
will be used where practical when the present 
supply of metal stuffing tubes is exhausted. 


LAMPS 


Lamps are devices that are used as sources 
of artificial light. They provide illumination for 
reading dials and to indicate the operational 
status of equipment, such as the mode of opera¬ 
tion of a radar. 


Lamps are a part of a light assembly. Gen¬ 
erally speaking, a light assembly consists of 
a housing (fixture), a lamp, and a lens. 
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Figure 5-73. — Types of stuffing tubes. 


12.77 


The parts of a lamp are the bulb, filament, 
and base. Incandescent lamps vary chiefly in 
ELECTRICAL RATING, BASE TYPE, BULB 
SHAPE, and BULB FINISH. 

The ELECTRICAL RATING is usually ex¬ 
pressed as combinations of the following items: 
volts, watts, amperes, and candlepower. (Candle- 
power is the luminous intensity expressed in 
candles and used to specify the strength of 
a light source.) The lamp rating is marked 
on either the base or the bulb of the lamp. In 


the case of small lamps, the electrloal rating 
is usually replaced by an identifying number, 


Base Type 


BASE TYPES vary as to size, number od 
electrical contacts, and the method of securing 
in a socket. The most common bases are the 
single or double contact bayonet (push in ami 
turn) type. These are desirable for shipboard 
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A STRAIGHT 



B 90° BEND 


TAPERED THREAD 



C STRAIGHT 
(IPS THREAD) 


12.78 

Figure 5-74. —Nylon stuffing tubes. 


use since they lock in the socket and do not 
► become loose because of vibration. The single 
contact is used in single-wire systems. In this 
system one side of the lamp filament is soldered 
to the base and the other to the contact. The 


double contact is used where the single-wire 
system is not practicable. In this system the 
filament is connected to the contacts and does 
not make an electrical connection to the base. 
Double contact bases are also used for dual 
filament lamps. The single and double contact 
type lamps cannot be used interchangeably. 

Some bases are of the screw type but they 
find limited use because they loosen easily. 
Figure 5-75 shows some of the popular types 
and sizes of lamp bases. 

The sizes of lamp bases are classified by 
the following terms: miniature, candelabra, in¬ 
termediate, medium, and mogul. The smaller 
sizes (miniature and candelabra) are used ex¬ 
tensively in instrument panel lighting. 


Bulb Shapes 

BULB SHAPES are designated by the combi¬ 
nation of a letter and a numeral. The letter 
designation indicates the shape of the bulb in 
accordance with a code, and the number is a 
measure of the approximate maximum diameter 



NO. 953 



MIDGET FLANGE BAYONET MINIATURE 


12.79 

Figure 5-75. — Lamp bases. 
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BULB SHAPE COOE 

T TUBULAR 
6 GLOBULAR 
S STRAIGHT SIDE 



12.80 

Figure 5-76. —Common bulb shapes. 


of the bulb in eights of an inch. The shapes of 
the more common glass envelopes are as follows: 


“G” —globular 
“T»» — tubular 
“S” —straight side 
“PAR” — parabolic 


For example, a bulb designated as T-6 has a 
tubular shape and a diameter of 3/4 inch. Figure 
5-76 shows some of the more common bulb 
shapes. 



167.59^ 

Figure 5-77. —Power junction box, UD 62. n 

1 

The power junction box (fig. 5-77) is 
bulkhead-mounted component which is used to 
route primary power from a power control. 
assembly to other units of a missile guidance radar 
set. This unit contains four terminal blocks. 


TERMINAL BLOCKS 

As pointed out earlier, cables are going to 
be used to carry electrical energy from one 
equipment to another. This electrical energy many 
be to satisfy the power requirements of the 
receiving equipment or it may be electrical signals 
which represent fire control data such as synchro 
signals and radar video signals. 

A Missile Fire Control System contains hun¬ 
dreds of these cables and many are multiple-wire 
cables. Each cable will terminate at or within 
some piece of equipment. 

At the equipment, a means must be provided 
for distributing or routing the electrical energy 
to or from the various points within the equip¬ 
ment. Terminal blocks are used for this purpose. 


The method of identifying a particular termi- < 
nal connection requires knowledge of the equip- * 
ment involved, the particular terminal boards 
within the equipment, and the terminal number. * 

Missile Fire Control equipment has some ^ 
form of equipment identification number. In ] 
this case it is Unit Designation (UD) 62. Every 
terminal block is assigned a number. The termi¬ 
nal block may or may not have an A or B side. 
Finally, the terminal point is assigned a number. 
We now have all that is necessary to identify a • 
particular terminal point. Let us see how it is 
done. The expression, TB(62) 2A-6, tells youJ 
to go to equipment UD 62, find the A side of 
terminal block 2, count to the sixth connection 
point. You are then at the designated terminal 
point. 
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CHAPTER 6 


FUNDAMENTALS OF ANALOG COMPUTERS 


There are two distinct branches of the com- 
uter family. One branch is descended from the 
ficus, a mechanical extension of the idea of 
Inger (digit) counting. It uses digits in the form 
f pulses and the absence of pulses to express 
umbers, and is therefore called a digital com- 
uter. In other words, it simply counts. The 
flier member of the family, the ANALOG com- 
uter, measures some continuous quantity such 
is the value of a voltage. The measured voltage 
^presents or, mimics or, simulates or, to use 
i more elegant word, is analogous, to some 
piantity such as distance, speed, angle, weight, 
ad time. 

Besides being classified by how they calcu- 
ate, digital and analog computers can be classi- 
led physically and functionally. Physically, com- 
wtere are classified as mechanical, electronic, 
ad electro-mechanical. The classification of an 
aalog computer is determined by the type of 
levices used in its construction. Analog com¬ 
puters are composed of computing devices that 
»n be scaled to represent quantities: mechanical, 
electromechanical, or electronic. 

Mechanical—This category includes differ¬ 
entials, linkages, cams, slides, multipliers, and 
component solvers. If you want to broaden your 
mowledge of the computer field, you will find a 
teBcription of these elements in Basic Machines . 
NavPers 10624A. 

Electromechanical—In this type of analog 
computer, problems are solved by using com¬ 
binations of electrical signals and mechanical 
motions; for example synchros, potentiometers, 
md resolvers. All analog computers in the sur¬ 
face missile system field use these devices 
Bxtensively. And so do data converters and co¬ 
ordinate converters, which are analog computers 
Wth names that reflect their function. 

Electronic—Mathematical processes are solv- 
^ by using voltages only; for example ampli¬ 
fiers, summing networks, and differentiating and 
integrating circuits. 


Functionally, there are as many types of 
computers as there are problems; for example, 
the coordinate converter, the data converter, the 
ballistic computer, and the steering computer. 

Analog computers make use of 6uch electri¬ 
cal computing elements as: 

• Vacuum tube and transistor amplifiers 

• Electrical networks for addition and sub¬ 
traction 

• Resolvers for resolving a vector into 
its two components, for solution of right tri¬ 
angles and coordinate rotation 

• Potentiometers for multiplication 

• Function potentiometers and networks for 
generation of non-linear functions. 

PRINCIPLES OF ANALOG 
COMPUTERS 

An analog computer simulates a mathematical 
problem in a physical system. In fire control 
computers the mathematical problem is dupli¬ 
cated using mechanical, electrical, and electronic 
computing circuits or components. The physical 
values in these systems are measurable. This 
is a rather abstract idea, so we will illustrate 
it. As an example we will use the computation 
for future target height Rv 2 . The formula for 
Rv 2 is: 

Rv 2 = R sin E + T 2 • DMv 

Where: 

R = present range 
E = present elevation 
T£ = time of flight 

DMv = linear rate at which target height 
is changing 
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Solving the formula requires four separate oper¬ 
ations: 

1. Find sin E 

2. Multiply sin E by R 

3. Multiply T 2 by DMv 

4. Add R sin E and T 2 DMv 

In figure 6-1 these operations are shown in 
an arrangement similar to that found in a com¬ 
puter. The mathematical functions are shown in 
block form. By substituting computing elements, 
we can mechanize the formula. R and E are 
measured by the director, and are known quanti¬ 
ties. T 2 and DMv are computed quantities which 
we will assume are correct, for they enter the 
formula with definite values. 

Each element in the figure solves a discrete 
problem which is an integral part of the overall 
problem. There is practically no delay in an 
element arriving at an answer; once its inputs 
are set the answer is present as an output. 
The input values of R and E are represented 
by a voltage and an angle respectively. An in¬ 
finite number of combinations of these values 
are possible, but they can be represented quickly 
and accurately in their analogous systems. As 
a target moves in or out along the range scale, 
its voltage representation follows it in a linear 
manner along the voltage scale. The voltage, 
within its limits of operation, is a continuous, 
uninterrupted representation of the numerical 
value of range. Thus, although we have two 
dynamic input quantities, the answer is always 
available. 


INTRODUCTION TO SCALE FACTORS 

At one time or another, you have probably 
used a road map to estimate the distance from 
one point to another. Usually, at the lower edge 
of the map, there is a scale, which is graduated 
in miles/inch. This ratio is called a scale factor. 
It states the ratio of the scaled drawing to the 
actual area that the map represents. By measuring 
the distance between points in inches and multi¬ 
plying this number by the miles/inch, obtained 
from the scale, you get an estimate of the number 
of miles between points. 

Another familiar example of a scale factor is 
the mileage indicator in an automobile. Here, 
during design, the engineer determines how far 
the car will move for one revolution of the drive 
shaft, then connects a counter to it, and scales 
the counter to represent the distance the car is 
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Figure 6-1. —Mathematical operations. 


driven. In reality, all the counter is doing ii 
counting the drive shaft revolutions. Here, th< 
scale factor is the ratio of the distance cove ret 
to one revolution of the drive shaft. 

Just as the inches on a road map and tht 
revolutions of the drive shaft are used as sc&lec 
factors to represent some physical knowledge 
the elements of analog computer are scaled tc 
represent physical quantities within the computer 


SCALE FACTORS IN ANALOG COMPUTERS 


A scale factor, selected for use in an analog 
computer, is a constant that relates a computei 
variable directly to a variable of the problem 
being solved: in other words, it is the ratic 
of the analog units to the equation units, thus: 


Scale Factor = 


Analog Units 
Equation Units 


The most commonly encountered analog units 
are volts and shafts revolutions. These analog 
units are used to represent the physical vari¬ 
ables (or equation units) of the fire control prob¬ 
lem, such as range, elevation, bearing, speed, 
initial velocity, and many others. The larger 
the scale factor is, the more accurate the results 
will be, or the larger the ratio of analog units 
to equation units the more accurate the results. 
When the statement is applied to scale factors 
in an analog computer, it can be illustrated in 
the following examples: 


Example 1: If one revolution of a shaft re¬ 
presents 360°, the shaft has a smaller scale 
factor than one that is representing 10°. 


Scale factor = 


Analog Units 
Equation Units 
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Scale factor = 


Scale factor = 0.00277 Rev/Deg. 

Scale factor = Analog Units 
bcaie factor Equation Unlts 


Scale factor 


1 Rev 
10 ° 


Scale factor = 0.1 Rev/Deg. 

Since 0.00277 is less than 0.1, the scale 
factor for a shaft representing 360° is smaller 
than for one representing 10°. 


Example 2: If 1 volt represents a distance 
of 100 yards, the scale factor is larger than 
when 1 volt represents 1,000 yards. 


Scale factor 


Scale factor 


Analog Units 
Equation Units 

1 Volt 
100 Yards 


Scale factor = 0.01 


Scale factor 


Analog Units 
Equation Units 


Scale factor 


_ 1 Volt 
” 1,000 Yards 


Scale factor = 0,001 


the scale factor is too large, the size of the 
resistors, condensers, and other components in 
the circuit would have to be increased in order 
to handle the increased power required. This 
would also create a problem of heat dissipation. 

The problem of selecting a scale factor, for 
electronic elements, is illustrated by the fol¬ 
lowing: 

Consider a scale factor of 1 volt/4000 yards; 
one millivolt (average) of noise in the circuit 
would represent an error of only 4 yards. But 
with a scale factor of 1 volt/l2000 yards, a 
millivolt (average) of noise would cause an error 
of 12 yards. Thus with a small scale factor, a 
given amount of noise represents a greater 
error. 

On the other hand, if a very large scale 
factor, such as 1 volt/yard, is used, the problem 
of handling large voltages is encountered. If 
the computer had to handle 100,000 yards with 
a scale of 1 volt/yard, the amplifiers and power 
sources would have to handle and supply 100,000 
volts. This is nearly impossible. 

Because of their low noise level, transistors 
are used extensively in computers. Small scale 
factors of 1 volt to 8,000 or more yards are 
common in transistorized analog computers. 

SCALE FACTOR ANALYSIS 

You must have a clear concept of scale factors, 
analog units, equation units and their relation¬ 
ship to each other. 


Since 0.01 is larger than 0.001, the scale 
factor for 1 volt representing 100 yards is 
larger than when 1 volt represents 1,000 yards. 

The actual scale factor used in analog com¬ 
puters depends upon the voltage suitable for 
the computer circuits. In most computers, a 
variable in an equation is represented by as 
large an electrical or mechanical quantity as 
possible. This gives a larger analog unit to 
equation unit ratio, thereby increasing accuracy. 

When the terms large scale factor and small 
Beale factor are used in later discussions, you 
should have a clear concept of their meaning. 


CHOICE OF SCALE FACTORS 


In electronic elements, circuit noise affects 
the values. Also, the saturation point of ampli¬ 
fiers limits the scale values. Furthermore, if 


Given: The maximum range of a computer 
is 240,000 yards; the maximum volt¬ 
age that the amplifiers can handle 
is 12 volts. The scale factor is then 
equal to: 


Scale factor 


Analog Units 
Equation Units 


Scale factor 


12 Volts 
240,000 yards 


Scale factor 


1 Volt 

20,000 yards 


This scale factor states that 1 volt is equal to, 
or represents, 20,000 yards. 

If the scale factor and the analog units are 
known, the equation units may be found as follows: 
(assuming an analog voltage of 3 volts). 


Equation units = 


Analog Units 
Scale Factor 
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Equation units = 3 volts/^B- __ 

Equation units = 3x — =60,000 yds 

If the scale factor and the equation units are 
known the analog units may be found as follows: 

Analog units = Equation units x scale factor 

Analog units = 60,000 yds x ^ i foyds 

Analog units = 3x1 volt = 3 volts 

In the maintenance of a computer, it is some¬ 
times necessary to perform the above computa¬ 
tions to check the scale factor, the accuracy 
of the analog voltage, and the overall accuracy 
of the computation. For some computers, the 
scale factor is listed at the top of each column 
for the various computing accuracy tests per¬ 
formed on the computer. For other computers, 
it is necessary to use the computer prints to 
obtain the scale factor. In many instances, you 
will find that the scale factor is expressed as 
a ratio of equation units to analog units. Ex¬ 
ample: 90,000 yards/volt, 6000 yards/rev. Don’t 
let this confuse you. Both methods are accepted 
forms of expressing scale factors. However, when 
the scale factor is expressed in equation units/ 
analog units (i.e., yard/volt), the smaller the 
scale factor the greater the accuracy. 


ELECTROMECHANICAL 
COMPUTING ELEMENTS 

An electromechanical computing element is 
one that has electrical parts as well as moving 
parts. Such basic elements as synchros, linear 
and nonlinear potentiometers, sine and cosine 
potentiometers, resolvers, and a-c and d-c gen¬ 
erators are included in this category. Except 
for generators, you have been introduced to all 
these elements in previous chapters and in the 
basic training courses. Since the application of 
all these devices is a universal feature in Navy 
analog computers, these devices will be covered 
here in more detail to give you a solid back¬ 
ground in how they work. 

In an analog computer, these elements per¬ 
form mathematical operations. The elements 
are then interconnected to solve equations. In 
each electromechanical computing element and 


throughout the computer, a physical quantity 
termed the computer variable, represents, or i 
analogous to, the problem variable. 

In a computer using electromechanical com 
putation there are two types of analog variable* 
voltages and mechanical displacement (shaft rev 
olutions). These variables represent such physl 
cal variables as range, elevation, bearing, speec 
and initial velocity. Voltages, rather than cur 
rents, are used almost exclusively as the com 
puting variable in modern analog computer 
using electrical computation, because voltage 
can be measured and recorded at any point i 
the circuit without disturbing (opening) the circuit 
Therefore, electromechanical computing element 
convert mechanical displacements into voltages 
and appropriate scale factors are assigned t 
these voltages. 

POTENTIOMETERS 

Potentiometers or, as they are often calle 
“Pots” are the basic components used in ana 
log computers to convert shaft positions to elec 
trical voltages. In this conversion, the pot actuall; 
multiplies the constant input voltage by the me 
chanical position of the slider. Pots are use 
extensively to multiply, divide, and gene rat 
nonlinear functions (sine, cosine, secant, etc. 

A pot, shown schematically in figure 6-2A 
is a resistance element having terminals a 
each end and a sliding contact. The contac 
traverses the element from one end to the other 
varying the resistance between the sliding con 
tact and one of the fixed terminals. Each termina 
and the slider are numbered; the slider usuall; 
has the higher number. The resistance elemea 
of a precision pot is wire wound because win 
has a lower noise level then carbon compoun 
or similar mixture. 

The resistance element is wound on a con 
called a mandrel, the shape of which depends oi 
the design and function of the potentiometer. Fo: 
a linear one-turn pot, the wire is evenly space< 
on the mandrel which is then shaped to fora 
a circle. This permits the slider to move me¬ 
chanically through 360° of rotation; thus, the elec¬ 
trical resistance between the slider and one end a 
the pot varies directly with the mechanica 
position of the slider. For a linear ten-turn pot 
the wire is usually wound on a rod which i« 
then shaped to form a helix, or spiral. Thii 
allows the slider to rotate as many as 10 ful 
revolutions. If 360° rotation of the slider is no 
required, the resistance element may be wouix 
on a rectangular card. However, this type a 
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► Figure 6-2.— A. Potentiometer schematic; 

* B. Volts x motion multiplication. 

k pot is usually used as a control device rather 

» than as a precision computing pot. 

Types of Potentiometers 

There are two types of pots used in analog 

> computers: linear and nonlinear. A linear pot 

* has its resistance element distributed evenly 

i about its mandrel, so that each turn has the 

same amount of resistance. As the input shaft 
is rotated, the slider touches various windings 
and causes a change in resistance between 
the slider and the ends of the pot. With the pot 
energized, the voltage output varies linearly 
as the slider is moved from end to end because 
the voltage drop across each turn is the same. 

A nonlinear pot is one whose voltage output 
does not vary at a constant rate as the slider 
moves. Nonlinear pots are sometimes referred to 
as shaped or tapered pots because the resistance 
element is wound on specially shaped mandrels, 
each turn having a different length of wire. Thus, 

* the total resistance is distributed unevenly 
throughout the length of the pot. With the pot 
energized, the voltage output will vary in a 



nonlinear fashion as the slider is moved from 
one end to the other. Nonlinear pots can be 
constructed to produce practically any of the 
nonlinear functions present in the weapon con¬ 
trol problem. 

Representing Computing 
Variables Electrically 

A potentiometer can also be thought of as a 
variable voltage source rather than a variable 
resistor since the input voltage is applied to the 
resistance element and a fraction of the voltage 
appears as the output between the slider and 
one of the pot. When the input voltage is con¬ 
stant, the potentiometer converts a mechanical 
input quantity into an electrical quantity. Thus 
any computer variable can be represented elec¬ 
trically by using a pot to make the mechanical 
to electrical conversion. 

Here, the pot actually multiplies a voltage by 
a motion (slider position). The input voltage, 
Ejn, is impressed across the resistance element 
through terminals 1 and 2. See figure 6-2B. The 
mechanical input, q (THETA), is a percentage 
of full rotation of the slider. If the input voltage 
is 30 volts and the slider is positioned at 100% 
full rotation, then E 0 = 30 volts x (1.0) = 30 
volts. 

When Q is at 25% full rotation, only one- 
fourth of the input voltage occurs at the slider: 
E 0 = 30 volts x .25 = 7.5 volts. If q is at 50% 
of full rotation, only one-half of the input voltage 
occurs at the slider: E 0 = 30 volts x .5 = 15 
volts. 

When a suitable scale factor is assigned to 
the mechanical input, the output can represent 
any computer variable electrically. For example, 
assume that a one-turn potentiometer is used 
to represent a maximum range of 90,000 yards 
in a computer. For one full revolution of mech¬ 
anical input the slider will move from terminal 
2 to terminal 1. This amount of motion repre¬ 
sents a range of 90,000 yards. The maximum 
range, or any fraction thereof, can be repre¬ 
sented electrically by positioning the slider 
between terminals 2 and 1 . 

When a range counter indicates 60,000 yards, 
as shown in figure 6-3, the slider has moved 
through 66.67% of its travel from terminal 2, 
and 20 volts will appear at the output terminal 
3. Thus by the multiplying feature of the poten¬ 
tiometer (volt x motion), range, represented by 
a shaft position and indicated by a counter, has 
been converted into an electrical voltage. 

In addition to the mechanical scale factor 
assigned to a potentiometer, an electrical scale 
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E 0 = E in xe 

60,000 

E 0 = 30V0LTS X ■gQ^QQQ' 
E 0 =30 VOLTS X 66.67% 
E 0 =30 VOLTS X .6667 
E 0 = 20 VOLTS 


E ln =30 VOLTS 

3 E Q =3,000 YDS/V 


90,000 YDS/REV 
bH-,- H6|0[0|0|0| 


I_J._ 


RANGE 
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Figure 6-3. — Potentiometer used to represent 
range electrically (360° rotaton). 


factor is also assigned to the output voltage. The 
electrical scale factor is the yards/volt ratio. 
For the problem illustrated, the yards/volt ratio 
_ yards/revolution. or 90.000 yards. Thus the 
voIts/revolution 30 volts 

yards/volt ratio is 3,000 yards/volt. This in¬ 
dicates that each volt which appears at the slider 
represents 3,000 yards of range. Therefore, if 
20 volts is measured at the output, and each 
volt represents 3,000 yards of range, then E 
= 20 volts x 3,000 yards/volt = 60,000 yards! 

Another scale factor pertaining to the poten¬ 
tiometer can be very useful in determining how 
many yards an output voltwge represents. This 
scale factor is the ratio of the volts/revolution 
to the yards/revolution. For the problem illus¬ 
trated, the volts/yards ratio = 

volts/revolution 30 volts 
yard s/re volution ’ or 90,000 yards* 


Thus the volts/yard ratio is .000333. This scale 
factor indicates that for each yard inserted 
into the pot mechanically there will be .000333 
volt available at the output. Thus, if the output 
voltage were 6.666 volts, the number of yards 
this voltage represents can be determined as 
follows: 


Equation units = 


Analog units 

Scale Factor 


Range in yards 


6,666 

.000333 


the scale factors of a pot rather than the per¬ 
centage of full rotation of the slider. This is 
true because many one-turn pots actually do not 
rotate a full revolution. Furthermore, many 
10 turn potentiometers only rotate 9.6 revo¬ 
lutions instead of 10 full revolutions. If the 
pot shown in figure 6-4, is used to represent a 
maximum range of 90,000 yards electrically*- 
the scale factors assigned indicate that the 
potentiometer does not rotate a full revolution. 
If the total yards represented electrically (total 
yards = applied voltage x electrical scale factor) 
and the mechanical scale factor are not the 
same, then, the potentiometer does not rotate 
a full revolution. 


.5 



A. MECHANICAL INPUT = DIAL READING X 100,000 YDS 


E in = 30 VOLTS 



B. ELECTRICAL REPRESENTATION OF (A) 


Range in yards = 20,018 

When computing how many yards an output 
voltage represents, it is more convenient to use 
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Figure 6-4. — Potentiometer used to represent 
range electrically (324° rotation). 
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In this problem the mechanical scale factor 
idicates that one full revolution of the slider 
presents 100,000 yards of range. The electri- 
al scale factor and the applied voltage indicate 
iat the maximum range represented electri- 
ally is 90,000 yards (30 voltsx3,000 yards/volt), 
herefore, a ratio exists between the total yards 
^presented electrically and the yards/revolution, 
hus, total revolutions of the pot are equal to 

.total yards 9°i 000 = 0 q rpvollltion e 

yds/rev • or 100,000 revolutions. 

hus the pot will actually rotate 324° (360 x 0.9) 
3 represent 90,000 yards of range. 

What effect will this amount of rotation have 
nthe volts/revolution, yards/volt, andvolt/yard 
atio of the pot? Each ratio is compared for both 
ot8 to show which is affected. 

You can see from table 6-1 that only the 
bits/revolution ratio is changed. The other ratios 
trill not change because the electrical scale 
actor for each pot is 3,000 yards/volt. How- 
>ver, if each pot is rotated the same number 
>f degrees, the percentage of full travel, the 
rutput voltage, and the number of yards repre- 
»nted electrically are different for the two pots, 
n figure 6-5, each slider has been rotated 
180° from terminal 2. The percentage of full 
ravel, the output voltage, and the yards repre¬ 
sented by each pot are computed for a me¬ 
chanical input of 180°. 

Double-ended Potentiometers 

A potentiometer can be used to represent 
a computer variable that may be either plus or 


minus with respect to a zero reference. In this 
case, both ends of the pot are energized,one with 
a plus voltage and the other with a negative 
voltage. The center of the pot will represent the 
zero reference. The center may or may not be 
grounded. 

When used this way, the pot still multiplies 
a voltage by slider position. However, when the 
slider i6 at the center of the resistance element, 
the output voltage is zero. Therefore, the center 
of the pot is the point of reference from which 
the percentage of rotation is measured. If the 
pot is energized with + and - 16 volts (as 
shown in fig. 6-6) and the slider is positioned 
one-quarter of a revolution from the center (zero 
reference) of the pot (this amount of slider 
travel is one-half of the available slider travel 
from the center to the end of the pot), then the 
output voltage, E 0 , is computed by multiplying 
the input voltage, 16 volts, by twice the per¬ 
centage of rotation of the pot. Therefore, E 0 - 
16 x 2(0.25) = 8 volts. The output voltage will 
be either plus or minus depending on the direc¬ 
tion of slider movement from the reference point. 

The potentiometer in figure 6-6 electrically 
represents a rate whose maximum limits are 
+ and - 400 knots; thus it is possible for the 
rate to change a total of 800 knots. The travel 
of the slider from one end to the other will 
represent 800 knots, and if a one-turn potentiom¬ 
eter is used the mechanical scale factor must 
be 800 knots/revolution. The difference in voltage 
between each end of the one-turn potentiometer 
is 32 volts, which represents 800 knots. There¬ 
fore, the following ratios can be written for 
the potentiometer: 

Volts/Rev = 32 volts/revolution 


Table 6-1.—Volts/re volution, yards/volts, and volts/yard ratio 


RATIO 

90,000 YDS/REV POT 

100,000 YDS/REV POT 

Volts/Rev 

30 volts = 30 volts/rev 

1 rev 

30 volts _ 33 333 vo its/rev 
.9 rev 

Yards/Volt 

90,OOO = 3 0Q0 yards / volt 

30 

ioo^ooo _ 3 000 yard8 / volt 

33.333 

Volts/Yard 

30 = .000333 volt/yard 

90,000 

33.333 _ 000333 volt/yard 
100,000 
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Figure 


% of full trovel of slider on resistonce 
element is: 



|OA° 

^5. =.50 or 50%. 

Eo = E in x 0 
E 0 = 30v x .5 
E 0 =15 volts 
E 0 = in yards is: 

I5v x 3,000 Yds./V = 45p00 Yds. 


% of full travel of slider on resistance 
element is: 



ior\ o 

~f 0 =.55555 or 55.555 % 

E 0 =E in x * 

E 0 = 30v x .55555 
E 0 = 16.6665'volts 
E 0 in yards is: 

16.66 6 5 v x 3,000 Yds/V= 50,000 Yds 
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Figure 6-5.— Comparison of potentiometer outputs. 


+16 VOLTS 



3 25 KTS/V 

4 -x-► 


^E Q = Ej n x 2» 


h-T-*l2 
I 


!+- + +_ 

800 KTS/REV 


-16 VOLTS 


Knots/Rev = 800 knots/ revolution 


Knots/Volt ■ ■ 25 kts/v 


Volts/Knot “ SOO^kfe = - 04 volt/kt 


If the slider is positioned to represent 20 
knots, then the output voltage is determined a 
follows: 


Equation units X Scale factor = Analog 
units. Thus: 


200 knots X 0.04 volt/kt = 8 volts 
Use of Multiturn Potentiometers 
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The choice of mechanical scale factors i 
6-6. — Potentiometer representing a plus very important when dealing with pots. You hav 
and minus rate. 


seen that the mechanical scale factor is alway 
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30 VOLTS 30 VOLTS 



Figure 6-7. — Using multi-turn potentiometers to 
increase accuracy. 


compatible with the physical limits of a pot, and 
the electrical scale factor represents the me¬ 
chanical input at all times. The use of multiturn 
pots increases the accuracy of the mechanical 
input so that lost motion (numl^er of degrees the 
slider is in error) will not cause too large an 
error in the output. 

Illustrated in figure 6-7 are two pots, used 
to represent 90,000 yards of range. The same 
electrical scale factor (3,000 yards/volt) is main¬ 
tained for each. However, to increase the accuracy 
of the output per degree of error of the slider, 
one is a 10-turn pot. Each pot is energized 
hy 30 volts. The slider of the one-turn pot will 
rotate 360° while the 10-turn slider will move 
through 3,600°. Table 6-2 can be used to com¬ 
pare the accuracy of the one-turn to 10-turn 
pots. 

Sine and Cosine Potentiometers 

A specially constructed potentiometer can be 
used to generate voltages proportional to the sine 
and cosine of a computer variable which appears 
as a mechanical rotation. This function generator 
is called a sine and cosine potentiometer. 

The shape of the potentiometer card (fig. 6-8), 
is made proportional to the cosine function, then 
the resistance element i6 wound in a continuous 
layer around the card. The ends of the card are 
then joined together, thus forming a cylinder with 
two lobes. The ends of the resistance element are 
joined together to provide for continuous rotation 
of the potentiometer shaft. 

The high points, or lobes, of the cylinder 
connected to ground. A positive voltage is 
connected to one of the low points and a nega¬ 
tive voltage to the other. The sine and cosine 
outputs are obtained simultaneously by having 
two sliders 90° apart and connected mechanically 


as a single unit but electrically isolated from 
each other and the potentiometer shaft. 

The potentiometer shaft is shown in its zero 
position. The sine output is zero volts because the 
slider is in contact with a grounded portion of the 
resistance element. The cosine output is a maxi¬ 
mum plus voltage because the slider is in contact 
with the plus reference voltage. One full rotation of 
the shaft counterclockwise will reduce voltages 
that are proportional to the sine and cosine func¬ 
tions of the mechanical input. The polarity of the 
output voltages will be the same as the signs of 
the sine and cosine functions for all four quadrants. 

RATE GENERATORS 

A rate generator (tachometer), (fig. 6-9), 
puts out a voltage proportional to the magnetic 
field surrounding the motor and the speed of the 
rotor. In a rate generator the magnetic field 
is held constant but the speed of the rotor is 
variable. The amplitude or value of the output 
voltage is proportional to the velocity of the in¬ 
put signal (speed of rotation of the rotor). 

Rate generators are used in computers toper- 
form computations and as a source of stabilizing 
voltage for servo loops. This is changing mechan¬ 
ical information (speed) to electrical information. 

The rate generator used in computers may be 
an a-c or a d-c generator. The d-c generator 
uses a permanent magnet to produce the magnetic 
field. The a-c generator is excited by an a-c 
voltage which produces the magnetic field in 
which the rotor rotates. The flow of energy is 



Figure 6-8. — Sine and cosine potentiometer, 
cosine card type. 
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Table 6-2.-One-turn to two-turn potentiometer accuracy 



ONE-TURN POTENTIOMETER 

TEN-TURN POTENTIOMETER 

Total Travel 

360 degrees 

3, 600 degrees 

Yards/Volt 

3,000 

3,000 

Yds/Degree 

90, 000 Yds/360 o = 250 

90,000 Yds/3, 600° = 25 

Volts/Degree 

30 volts/360° = .08333 

30 volts/3, 600 0 = .008333 

1° of error 

. 08333 volts or 250 yards 

. 008333 volts or 25 yards 


167.747 


from input winding, to rotor, to output winding. 
The output signal will be of the same frequency 
as the excitation voltage and is in phase or 180° 
out of phase with the input, depending on the di¬ 
rection of rotation. The a-c or d-c rate generator 
will theoretically produce a zero output when the 
rotor is stationary and will produce an output 
voltage whose amplitude and linearity are pro¬ 
portional to rotor speed, up to the saturation limit. 

In some computers the rotor of the a-c rate 
generator is mechanically connected to the rotor 
of a servomotor. In other computers the rate 
generator and the servomotor are one unit; that 
is, each is a separate element, but they have a 
common rotor shaft. In either case, the speed 
of rotation of the servomotor provides the me¬ 
chanical input to the rate generator. 

In special cases, where a variation in the 
ratio of output voltage/revolutions per minute is 
critical, a temperature compensated rate genera¬ 
tor is used. The output voltage of a temperature 
compensated rate generator is not affected by 
temperature. 



167.68 

Figure 6-9.— Output voltage versus RPMs for 
a-c and d-c rate generators. 


ELECTRICAL AND ELECTRONIC COMPUTING 
ELEMENTS OF ANALOG COMPUTERS 

PARALLEL RESISTOR NETWORKS 


Electromechanical computing elements con¬ 
vert mechanical computer variables into voltages, 
which in many instances are algebraically added 
together. The basic electrical computing element 
that does this job is the parallel resistor network* 
Its circuit arrangement is shown in figure 6-l0< 

The parallel resistor networks, called net¬ 
work boxes, have an output that is the algebraic 
sum of two or more inputs. The network box 
contains precision resistors and capacitors. Hie 
precision resistors are noninductive, wire- wound, 
and hermetically sealed in a metal can. The 
resistance of the resistors is normally kept 
within the 0.02 to 3.0 megohm range. The maxi¬ 
mum is the point above which there would be 
too great a susceptibility to pick-up through 
inductive coupling between elements. A capacitor 
is connected across each resistor to compensate 
for any inductance created by the winding of the 
resistor. The capacitors are preset, and should 
never be changed. In later illustrations the capa¬ 
citors are not shown since they only neutralize 
the inductance of a resistor. 

The resistance can and capacitors are en¬ 
closed in a metal box, which is also sealed. The 
input and output leads are connected to pins mount¬ 
ed on a plug; therefore, the network box is a 
plug-in module. The output of the network box 
is always through a coaxial cable. This prevents 
stray pick-up (noise). The input connections are 
unshielded pins. 

The principle advantage of using parallel 
resistors for the addition of voltages is simplicity; 
input signals may all be referred to a common 
grounded return. Without this feature all of the 


Digitized by 


Google 


172 







Chapter 6 —FUNDAMENTALS OF ANALOG COMPUTERS 


“^tSa/vw^i 




OUTPUT 




COMPENSATING 

CAPACITOR 


12.85 

Figure 6-10. — Parallel resistor network. 


input sources would have to be electrically isolated 
irom each other. 

A network box can electrically produce the 
algebraic sum of two or more voltages, which 
ire either in phase or 180° out of phase. Con¬ 
sider the circuit, in figure 6-11, where two 
equal voltages of the same polarity are to be 
combined. Voltages and E a are connected 
In series with resistors R 1 and R 2 respectively, 
and terminate at a common junction or node 
point. The voltage at the node point is not the 
actual sum of the voltages but is proportional 
to that sum. In this problem, the sum of the two 
roltages should be +20 volts; however, only 
10 volts appear at the output. If one of the inputs 
Is changed to 20 volts, the output should be 30 
volts. But, only 15 volts will appear at the out¬ 
put. For these two examples, only one-half of the 
sum of the two voltages appears at the output. 
If a third input resistor were added to the cir¬ 
cuit and all three of the input voltages were +10 
TOlts, the output voltage would be +10 volts, or 
only one-third of the total input voltage. In each 
case there was a scale change, one-half of the 
total input for the first two problems and one- 
third of the total input for the last example. 
Therefore, the circuit i6 not always accurate 
for algebraic addition of analog voltages. Among 
its drawbacks are: 
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Figure 6-11. — Parallel resistor summation 
network. 


1. Loading at the output changes the effective 
value of the output impedance and produces a 
direct scaling error. 

2. A scaling error is introduced if the number 
of input sources is changed. 

3. Each of the input impedances, 1^ , Rg, 
R 3 acts as a load on all of the inputs simultaneous¬ 
ly. This causes interaction among the input volt¬ 
ages. 

4. For accuracy the impedances , R 2 , 
R 3 should be high compared to the respective 
input impedances. This often raises the overall 
impedance level of the circuit to a point where 
pickup from extraneous sources may become 
a problem. 

5. To minimize the effects of interaction 
among the various inputs, the output voltage 
should be as close to ground potential as pos¬ 
sible. This results in a high attenuation of signal 
from input to output. 

6. The accuracy of the parallel addition cir¬ 
cuit depends directly upon the stability of the 
impedances, , R 2 , R 3 etc. Hence components 
must be precise. 

All of the above points to the same thing; a 
feedback amplifier is needed in the circuit 
to prevent loading and to provide summation of 
voltages without a scale change unless desired. 

Feedback Amplifier 


The feedback amplifier (fig. 6-12), used with 
the network box is also a plug-in-module, and 
may use either tubes or transistors. Its com¬ 
ponents are interconnected by either wiring 
or printed circuits. Generally, each feedback am¬ 
plifier has three stages of amplification; how¬ 
ever, in some special cases it may have five. 

When a feedback amplifier is in a computing 
loop, an additional resistor, Rf .designated the 
feedback leg, is required for the negative feed¬ 
back. The negative output of the amplifier is 
impressed across the feedback resistor because 
the amplifier and resistor are in parallel. There¬ 
fore, the output of the network box, or node point, 
is automatically maintained close to ground 
potential. The feedback amplifier actually multi¬ 
plies the small a-c output (Eg) by the amplifier 
gain factor (u). The amplifier solves the equa¬ 
tion, -Ef = Eg. The forward gain of the ampli¬ 
fier is high (up to 20,000:1) to ensure accuracy. 
Negative feedback within the amplifier keeps the 
gain constant regardless of aging components, 
and it m. : nim;zed harmonic distortion in the 
amplifier. The amplifier has exactly 180° phase 
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Figure 6-12. — Parallel addition circuit using a feedback amplifier. 
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shift from input to output. A capacitor, connected 
between the input and output, compensates for 
undesired phase shift. 

The feedback amplifier features high input 
impedance and low output impedance. Its output 
is fed into a resistive load. If the load does 
not offer the correct resistance, a fixed resis¬ 
tor is connected across the amplifier output to 
provide the correct load. 

Even though the amplifier does amplify its 
input to produce the feedback voltage, the overall 
loop amplification is determ : ned by the resistance 
ratio of the feedback resistor and the input resis¬ 
tors. This will be clarified later. 

Although the feedback amplifier does not 
actually perform any computation other than the 
multiplication of its input voltage times the am¬ 
plifier gain, it is always used with network 
boxes in computing loops which perform the 
functions listed below. The amplifier has various 
names: isolation amplifier, feedback amplifier, 
operational amplifier, computing amplifier, and 
summation amplifier. The various computing 
loops, in which feedback amplifiers are used, 
perform any or all of the following: 

1. Reverse the sign of a voltage, with or 
without a change in overall loop amplification. 
Often, it is necessary to change the polarity 
of a voltage so that a plus and minus voltage 
is available for the solution of the problem. Also, 
at times it is necessary to change the overall 
loop amplification, which in turn changes the scale 
factor of the output with respect to the input. 


2. Isolate and/or eliminate loading of one cop 
puting element from another. In electrical anak 
computers it is necessary to supply extreme 
accurate voltages from computing elements fix 
tentiometers, sine and cosine pots, and .R 
solvers) to the same or other types of computii 
elements. If these elements are connecte 
directly, accuracy is lost due to loading. 

3. Provide a voltage proportional to tt 
algebraic sum of two or more input voltage* 
Although a summing loop can be considered a 
a summation of analog voltages, the real jo 
of the loop is to determine the algebraic sui 
of computer variables. These variables ai 
represented by the analog voltages; hence, seal 
factors are assigned to each. The computer vaji 
ables that the voltages represent must have 
common reference axis; hence, the input voltage 
may be in phase or 180° out of phase. Otherwise 
an error will result. 
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Figure 6-13. —Sign reversing loop with unit; 
gain (inverter). 

174 Digitized by C^OO^Ic 




Chapter 6—FUNDAMENTALS OF ANALOG COMPUTERS 


Sign Reversing Loop with Unity Gain 

The most basic loop employing a network box 
and feedback amplifier is the sign reversing loop 
(inverter). The loop reverses the phase of the 
input voltage and maintains unity gain (1:1). 
Here is how the loop works: 

In figure 6-13, E s and -Ef are the effective 
input and output voltages, eg is the amplifier 
signal voltage; Rf is a fixed resistor located 
in the network box; and Ri is a fixed load 
resistor at the output of the amplifier. 

If +12 volts is applied to the input leg, 
current flows from ground through the input im¬ 
pedance of the amplifier, through R s to the signal 
r source. This current is designated as la. It 
causes an input signal, eg, at summing point 
J, the input to the amplifier. The amplifier 
amplifies the input signal and provides de¬ 
generative (negative or inverse) feedback through 
r R, to summing point J. From point J, the feed- 
r fcack current flows through R s to the signal 
'•source to ground and back to the amplifier. The 
•feedback current is designated If. Thus, the 
1 current through R s is: 

i 

Is = la + If* 


If the gain of the amplifier is designated 
K, then, the output voltage, Ef, is K times 
as large as the input signal voltage, eg. Thus, 
the output voltage Ef = -K(eg). In this equation, 
‘ the minus sign before K indicates that there 
■ Is a 180° phase displacement, or sign reversal, 
^between eg and Ef. This is true because the 
'■amplifier has three stages of amplification. The 
gain of the amplifier is high; assume that it is 
*10,000. Therefore, the input signal, eg, need be 
"Only 1,200 microvolts to attain a maximum 
value of -12 volts for Ef. (l/l0,000 x 12 = 

0.0012 volts). 

According to Kirchhoff’s Law of electrical 
current, the algebraic sum of the currents enter¬ 
ing a junction such as summing point J must be 
equal to the sum of the currents leaving the 
Junction. Since the amplifier is designed to have 
practically infinite impedance at the input and 
between the input and ouput, the only currents 
at summing point J are If and I s . This equation 
neglects the very small voltage drop across the 
input impedance of the amplifier which will be 
! discussed later. Therefore, the equation can be 
Written: I s + If = 0. Using this equation, we 
can solve for the output voltage if we know the 
values of R g , R^, and E g . Thus the output voltage 


of the 
follows: 


sign reversing loop is 

I + L = 0 
s f 


Rewrite as: 


determined as 

Is = -If 


Substitute Ohm’s Law: 
Multiplying both sides by Rf: 


E^-Ef 

Rs Rf 



-E f 


Substitute known values: 



Therefore: Ef = -12 volts 

The equation, 



expresses the relation between the input and out¬ 
put voltages of the sign reversing loop. The 
ratio of the output to input voltage is shown to 
equal the resistance ratio Rf/R s . 

If we assigned the E s input a scale factor 
of 100 knots/volt, then an input of +12 volts 
would represent 1,200 knots. To satisfy a zero, 
or null condition at surmrng point J, the feed¬ 
back voltage mast represent -1,200 knots. We can 
say, then, that there will be a null at summing point 
J when the inputs (+1,200 knots and -1,200 knots) 
are balanced. For a +12 volt input, the current 
through R s and Rf is the same; I = E/R = 
0.000012 amp. Therefore, this condition produces 
a zero, or null, at the input to the amplifier. 


Features Provided by Negative Feedback 


As explained in' Basic Electronics, NavPers 
10087-C, negative feedback occurs when the am¬ 
plifier output voltage is fed back to the input 
out of phase with the input voltage. Negative 
feedback is also degenerative or inverse feed¬ 
back. Negative feedback produces several im¬ 
portant effects. One effect is to make the gain, 
or output-input voltage ratio, of the loop much less 
than the gain of the amplifier. The voltage fed 
back from the amplifier output opposes the in¬ 
put voltage supplied through the input resistor, 
R , thereby reducing the effective signal voltage 
at the input of the amplifier. 

As a result of negative feedback, the loop 
output input voltage ratio is practically indepen¬ 
dent of the amplifier gain. If the amplifier gain 
should decrease, less voltage would be returned 
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through the feedback path. Less voltage would 
be available to oppose the input voltage at the 
amplifier input. Consequently, the signal voltage, 
eg, would be greater; in fact, sufficiently greater 
to compensate very nearly for the loss of gain. 

Another feature gained by negative feedback 
is an output voltage which is practically indepen¬ 
dent of output load. An increase in the load might 
tend to reduce the output voltage, but if the out¬ 
put voltage were reduced, less feedback would take 
place. Less feedback would increase the signal 
voltage, eg, and would thereby compensate for the 
reduction ?n output voltage. With negative feed¬ 
back, the effective resistance between the output 
terminals of the amplifier is less than an ohm. 
Any load having a resistance measured in thou¬ 
sands of ohms, therefore, has small effect. 

Scale Changing 
(Multiplication and Division) 

It is often necessary for the output of a loop 
to have a different unit/volt ratio than the input. 
This is referred to as a scale changing. 

Consider the loop illustrated in figure 6-14. 
The loop’s input voltage is +5 volts and each 
volt represents 100 knots; therefore, the input 
represents 500 knots. Using the formula previous¬ 
ly determined, 

-E f = E s (Rf/Rs) 

the magnitude of the feedback, or output, voltage 
can be determined. Thus; 

-Ef = E g (RfAy 

-E f * 5(1.0/2.0) 

Ej = -2.5 volts 

To determine the scale factor of the output 
voltage, multiply the input scale factor by the 


Rf =1.0 MEGOHM 
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Figure 6-14. — Basic circuit for scale changing. 


resistance ratio of the input leg over the feedback 
leg (2.0/1.0). Thus; 

Output scale factor = Incut scale factor 

( R s/Rf) 

Output scale factor = 100(2.0/1.0) or 
200 knots/volt 

Therefore, to satisfy a zero, or null, at the 
input to the amplifier only -2.5 volts with a scale 
factor of 200 knots/volt (-500 knots) is required 
to balance the input voltage, 5 volts at 100 
knots/volt (500 knots). 

The zero condition at the input to the am¬ 
plifier can be seen more clearly if the currei|| 
through resistors R s and Rf is considered. If ai| 
input of 5 volts is dropped across resistor 
R g , then the current through the resistor is; 



I s = 0.0000025 amps 


The current through R also flows through the 
feedback resistor, R-; hSwever, the resistance 
of this resistor is only 1 megohm. Thus the 
voltage across R^ is; 

-E f = If X R f 4 

l 

-Ef = 0.0000025 X 1,000,000 4 


Ef = -2.5 volts 


Because of the resistance ratio of the feedbadg 
leg to the input leg (Rf/Rs), the output of thfl 
amplifier will be only -2.5 volts to provide &i 
null at the input of the amplifier. Thus, the 
scale factor of the input voltage has been changed 
from 5 volts at 100 knots/volt to 2.5 volts aM 
200 knots/volt. 

The basic scale changing circuit provides apj 
output of less than unity gain; yet, the outputi 
information represents the input information. 
But, ratios as common as l;2 for the feedback 
to input leg are not often encountered in analog 
computer circuits. Usually, the ratio for the 
feedback to input leg has some odd ratio, nob 
easily recognized. For instance, consider a cirij 
cuit that might be used to convert knots into 
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Igure 6-15. —A basic circuit for converting 
knots into yards/seconds. 


Cds-per-second. Knots can be converted to 
irds/second by multiplying knots by a constant 
563. 

Yards/second = Knots X 0.563 


50 yards/second can be converted into knots by 
dividing by the constant, 0.563. This division 
would produce 88.81 knots. Electrically, the 
constant is provided by the ratio of the network 
box. As the input scale factor is expressed in 
knots/volt, and due to the ratio of Rf/R s , the 
voltage felt across the input resistor, R s , will 
be larger than the feedback voltage. Thus, 

E s = Is X Rg 

E s = 0.000001 X 1,776,199 

E c = 1,776,199 volts 

Therefore, to provide a -1 volt output from 
the loop, the input voltage must be 1,776 volts. 
Since the scale factor of the input voltage is 50 
knots/volt, this voltage represents 88.81 knots 
(1.776 x 50 knots/volt = 88.81). 


he ratio of Rf/R a in the network box provides 
© constant, 0.563, for the loop illustrated in 
pire 6-15. Whenever possible, the resistance 
! the feedback leg is kept at a value of 1 megohm, 
erefore, the input leg must have more resistance 
' provide the correct ratio. Thus, the ratio of 

/V 8: 



1 , 000,000 

1,776,199 


or 0.563 


The scale factors assigned to the input and 
itput of the loop may seem confusing because 
e input scale factor is 50 knots/volt while the 
itput scale factor is 50 yards/second/volt. How- 
fcr, scale factors are usually expressed in 
dt8/volt; therefore, in order for the output 
represent the input, the output scale factor 
ready includes the constant, 0.563. Thi6 has 
•©n done mathematically during the design of the 
op. 


A comparison of the output and input will show 
w the output scale factor is expressed as 50 
rds/second/volt. When 50 yards/second ap- 
ars at the output of the loop, -1 volt is dropped 
ross the feedback resistor, Rf. The current 
rough R { is: 

■ E =Y (M > 00 o ; therefore, If = 0.000001 amp. 

• provide a null at the amplifier input, the input 
ltage will represent some value of knots that 
equivalent to 50 yards/second. Mathematically, 


Some input and output voltages and what each 
represents are tabulated in table 6-3. 

Recall that the ratio of Rf/R s controls the 
overall gain of the loop. The resistance value 
of the input resistor, for the loops discussed, 
was equal to, or larger than, the feedback resis¬ 
tor; therefore, the loop gain was equal to, or less 
than, unity. If the resistance of the input resistor 
is less than that of the feedback resistor, the 
overall gain of the loop will be increased. 
For instance, consider the circuit in figure 
6-16 which might be used to convert yards 
into feet. 

Since there are 3 feet in each yard, the ratio 
of Rf/R s is selected as 3:1. The scale factor of the 
output voltage already includes the constant, in this 
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Figure 6-16. —A basic circuit for converting 
yards into feet. 
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Table 6-3.—Input/output voltage converted from knots to yards per second 


Input 

Voltage 

Represents 

Knots 

Output 

Voltage 

Represents 

Yards/second 

IV 

50 

0.563V 

28.15 

2V 

100 

1.126V 

56.30 

3V 

150 

1.689V 

84.45 


200 

2.252V 

112.60 

5V 

250 

2.815V 

140.75 

6V 

300 

3.378V 

168. 90 

7V 

350 

3.941V 

197.05 

8V 

400 

4. 504V 

225.20 

9V 

450 

5.067V 

253.35 

10V 

500 

5. 630V 

281.50 


case, 3. If 1 volt is the input to the loop the output 
will be: 

-Ef = E s (Rf/R s ) 

-E f = l(.9/.3) 

Ef = -3 volts 

Therefore, this loop has an overall gain of 
3:1, that is, 1 volt input will produce -3 volts at 
the output. If 1 volt at the output represents 


167,1 

270 feet, then, 3 volts x 270 feet = 810 fe 
which is the same as 270 yards. 

Again, a comparison of output to input i 
show how the output scale factor is expresi 
in feet/volt while the input scale factor is in yar» 
volt. The ratio of Rf/R s is such that o 
.333 volts is required at the input of the 1« 
to produce a -1 volt output. Several input;! 
output voltages and what each represents i 
tabulated in table 6-4. 


Table-6-4.—Input/output voltage converted from yards to feet 


Input 

Voltage 

Represents 

Output 

Voltage 

Represents 

0. 333V 

90 yards or 270 feet 

IV 

270 feet or 90 yards 

0. 667V 

180 yards or 540 feet 

2V 

540 feet or 180 yards 

1.000V 

270 yards or 810 feet 

3V 

810 feet or 270 yards 

1.333V 

360 yards or 1,080 feet 

4V 

1,080 feet or 360 yards 
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Rj = 1.0 MEGOHM 



I» = E/R; 12/1,000,000 = 0.000012 omp OR 12 mo. 

I„ = E/R -,.002/500,000 = 0.000000004 omp OR 4000 mmo. 

I( = I,-I 0 i X( = 12 mo - 4,000 UMO = 11.996 mo . 

Ef = If X R f ; Ej = 1.0 MEGOHM X 11.996 mo = 11.996 VOLTS. THUS, THE 
OUTPUT IS 0.004 VOLTS LESS THAN THE INPUT. 


The current through Rg is the same as that 
through Rf, thus, 

Ig = Is - la; 

Ig = 12 ^a - 4000 fifiB.. or 11.996 ^a 
Substituting these values into the formula, 

E 

R g =y£- > 
g 

the value of the gain compensating resistor is 
determined. Thus, 
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Figure 6-17. — Loss of output voltage due to 
input impedance of amplifier. 


GAIN COMPENSATING RESISTOR 



0.004 

0.000011996 


or 333.45 ohms. 


The feedback resistor and gain compensating 
resistor are in series; therefore, the total 
resistance of the feedback leg is: 


During the discussion of the various loops, the 
slight voltage drop across the input impedance of 
the amplifier, as mentioned earlier, has been 
neglected. A close look at the overall circuit shows 
that the output is not quite equal to the input if 
^this is neglected. The loop diagrammed in figure 
6-17 uses a low gain amplifier to illustrate 

“the loss. 

> 

> To correct this slight loss, a gain compen- 
>sating resistor, Rg, is placed in series with the 
(feedback resistor (fig. 6-18). The value of the 
lresistor is chosen so that with a +12 volt 
tinput, the output is exactly -12 volts. 


Rff = Rf + Rg ; Rff = 1,000,000 + 333.45 = 
1,000,333.45 ohms. 

With more resistance in the feedback leg than in 
the input leg, the amplifier will produce -12 
volts, thus compensating for the loss of voltage 
due to the input impedance of the amplifier. Thus, 
the voltage out is: 

E out = k x RtfJ E out = .000011996 
X 1,000,333.45, or -12 volts. 


In addition to compensating for the slight 
drop across the amplifier, the gain compensating 
resistor also reduces the feedback current by 
the exact amount of Ig. so that the original 
assumption where ^ was assumed to be zero 
is now compensated for because I s = (If -la) + la. 
Therefore, I s = If is a true statement. 

The size of the gain compensating resistor 
can be computed using the current through the 
feedback leg and the voltage dropped across Rf. 
The voltage drop across R g is determined as 
follows; (using values determined in figure 6-17): 

E g = E s " E f 

'Thus Eg = 12 - 11.996, or 0.004 volts. 


R. = 1.0 MEGOHM 



Figure 6-18. — Gain compensating resistor used 
to increase output voltage. 
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Normally, the schematic of a network box does not 
show the gain compensating resistor, which does 
nothing but compensate for the loading effect of 
the amplifier. 

From the discussion you can see that a 
particular network box is designed for an am¬ 
plifier having a specific gain. The feedback 
amplifier has been standardized to a great 
extent and is interchangeable with another having 
the same drawing number. 

SUMMATION OPERATIONS IN 
ANALOG COMPUTERS 

Summation operations (addition and subtrac¬ 
tion) are fundamentally important. Take the 
solution of the missile fire control problem. Here 
it is necessary to perform summation many 
times. In modern analog computers, the com¬ 
puter variables are converted into electrical 
signals, then combined in a loop called a summing 
computing loop. A typical summing computing 
loop includes either a feedback amplifier or a 
servomechanism, depending on whether an elec¬ 
trical or mechanical output is desired. If an 
electrical output is needed, an amplifier is used. 
If the output is mechanical, then a servomechan¬ 
ism is used. In either case the summation opera¬ 
tion is performed by a network box. 

BASIC SUMMING COMPUTING LOOP 

The loops discussed earlier, which used 
network boxes, did not add voltages. For a loop 
to perform summation, two or mare input volt¬ 
ages are required. Such a loop is illustrated 
in figure 6-19. The loop determines the alge¬ 
braic sum of three input voltages. To perform 
summation, a four-legged network box is used, 
three legs for the input voltage and the fourth 
leg for the feedback voltage. The feedback leg 
is sometimes referred to as the Great Equali¬ 
zer because it carries the current that balances 
or nulls out the currents in the other legs. 

The three voltages to be added have the same 
scale factor (1,000 yards/volt). The resistance 
ratios 

(Rf/Rf , Rf/R2 , Rf/R 3 ) 

are chosen to provide summation of the voltages 
without a scale change, therefore, the output 
voltage should be 11 volts with a scale factor of 
1,000 yards/volt, or a total of 11,000 yards. 

If I If + 12 + I 3 



Figure 6-19. —Basic summing computing 


Substituting Ohm’s Law: 

E f/R f » /R 1 + E 2 /Re + E3/R3 

Multiplying both sides by R^: 

Ef = Ef (Rf/Rf) - E 2 (Rf/R 2 ) - E 3 (Rf/R 3 ) 

Substituting known values: 4 

"Ef = 5(1/1) + 2(l/l) + 4(1/1) 

-E f = 5 + 2 + 4 

Ef = -11 volts. 


As the ratio of the feedback leg to each of jj 
inputs is 1:1, then the scale factor of the o( 
put voltage is the same as the inputs, or 1 
yards/volt. Therefore, 11 volts at 1,000 ya 
volt represents a total of 11,000 yards, 
the summing computing loop uses a multi! 
input network box to produce an output 
is the sum of its three inputs. The sign 
output voltage is negative because there 
an odd number of stages in the amplifier. H 
ever, if a negative voltage cannot be used! 
this stage of computation, a sign reversi 
loop could be used to reverse the polarity 


the voltage. 

Although addition has been explained as 
summation of voltages, the real job of $ 
summing computing loop is to add physid 
units, such as yards and knots. Therefore kno’ 
ledge in equals knowledge out. Thus each cor 
puting loop will have scale factors assign* 
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re 6-20. — Summation of voltages with dis¬ 
similar scale factors. 


UMMATION OF VOLTAGES WITH 
USSIM1LAR SCALE FACTORS 

In an analog computer, it is often necessary 
) add quantities that have different values of 
nits/volt (scale factors). To add these correctly, 
11 the inputs must be converted to a common 
cale, that is, the same unit/volt. The design 
ngineer selects the suitable ratios for the 
etwork box so that each input is converted to 
common scale. However, the ratios selected 
lust be such that the output cannot exceed the 
laximum rated output of the feedback ampli- 
er or the computer reference voltage applied 
) a potentiometer. 

As illustrated in figure 6-20, three voltages, 
10 positive and one negative, each with a differ- 
jt value of knots/volt are to be added alge- 
SLically by the summing computing loop. The 
festive input voltage will not present a prob- 
p as the current through Rg will cause a 
jsitive potential at summing point J, which 
, effect will reduce the current through the 
pdback leg. According to Kirchhoff’s Law of 
metrical current, the algebraic sum of the 

f rent entering a junction must be equal to 
sum of the current leaving the junction, 
terefore, the following equation can be written: 

!f + I 3 = !l + 12 


ie equation of the above can be rewritten as 
Hows: 

= *1 + *2 “ *3 » and used to compute 
the output voltage. 


Ef/R f = Ei /R, + E^R, - Eg/Rg 

Ef = Ef (Rf/Rf, + E 2 (R/R 2 ) - E 3 (R/R 3 ) 

-E f = 5(l/l) + 5(1/2) - 5(1/1.25) 

" E f = 5 + 2.5 - 4 
Ef = -3.5 volts. 

As Rf and Rf have a 1:1 ratio, this sets the 
common scale factor for the output voltage. 
Thus, 

Common output scale factor = 

Ef scale factor (Rf/Rf) 

Output scale factor = 

100 knots/volt (l/l), or 

100 knots/volt. 

The resistance value of the other two input legs 
is selected so as to convert the knots/volt 
ratio to the common scale of 100 knots/volt. 
Thus, the output scale factors for the other 
two legs are as follows: 

Output scale factor = 

E 2 scale factor (R2/Rf) 

Output scale factor = 

50 knots/volt (2/l), or 
100 knots/volt. 

Output scale factor = 

E 3 scale factor (R3/Rf) 

Output scale factor = 

80 knots/volt (1.25/1), or 
100 knots/volt. 

Therefore, the output factor is common for 
each of the three input voltages. Thus the sum¬ 
ming computing loop has algebraically added the 
three voltages with different scale factors to 
produce an output of 3.5 volts, which repre¬ 
sents 350 knots. 

The summing computing loop just described 
is not suited for practical use, but is sufficient 
for explaining the summation of positive and 
negative input voltages and the principles of 
scale changing. Let’s exam'ne the reason for 
it not being practical. 

When a network box is designed for use in 
a summing computing loop, the design engineer 
must take into consideration the maximum level 
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Figure 6-2l. —Impractical summing computing 
loop. 

of the input voltages as well as the maximum 
output voltage. The ratio of the feedback leg to 
each input leg must be such that the amplifier 
will not saturate. The magnitude of the output 
voltage, along with the scale factor assigned, 
must be suitable for the next step of computa¬ 
tion. 

Different computers use different computer 
reference voltages. A typical example is 12 
volts. Others are 16 volts, 20 volts, 24 volts, 
30 volts, and 40 volts. If a computer used a 
12-volt reference, all the resolvers, potentiom¬ 
eters, and feedback amplifiers are designed to 
handle this level of voltage. If it were exceeded 
in the problem computation, the amplifier would 
saturate and cause an error in computation. 

Illustrated in figure 6-2l is the same sum¬ 
ming computing loop previously described, ex¬ 
cept that the input voltages have been changed, 
but the scale factors are the same. 

Summation of the input voltages should pro¬ 
duce -18 volts, which is more than the ampli¬ 
fier can deliver. Thus, the amplifier is saturated, 
and an error exists. 

Voltage Computation 

E f = E x (R f /Ri) + E 2 (R f /R 2 ) - E 3 (R f /R 3 ) 

-E f = 12(l/l) + 12(1/2) - 0 

-Ef = 12+6 
Ef = -18 volts 

To prevent saturating the amplifier, differ¬ 
ent values of resistance for each of the input 
legs are incorporated in the network box. A 


summing computing loop that can perform sum¬ 
mation is shown in figure 6-22. 

Voltage Computation 

E f = E 1 (R f /R!) + E 2 (R f /R 2 ) ~ E 3 (R f /R 3 ) 

-E f = 12(1/1.5) + 12(1/3) - 0 
—E^ — 8 + 4 — 0 
E f = -12 volts. 

A maximum input of + 12 volts is applied 
to two of the input legs as Ej and Eg. ZeroJ 
volts is applies as input voltage E 3 . Unde?! 
these conditions, the loop should produce &i 
maximum output that is within the limits cfi 
the amplifier. Thus, with maximum input the 
output is as follows: 

Output Scale Factor Computation 
100 Kts/V (1.5/1) =150 knots/volt 
50 Kts/V(3/l) = 150 knots/volt * 

80 Kts/V(1.87 5/1) = 150 knots/volt 

- i 

Special Divider Networks 

( 

In network boxes, it is common practices 
to use a feedback resistance of one megohm, 
With this value of Rf, the value of each input 
leg is calculated to obtain the correct ratio 
between the feedback leg and input leg so that 
all inputs are converted to a common scale. 
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Figure 6-22. —A practical summing computing- 
loop. 
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Ef = -IV 12,000 YDS/V 



;ure 6-23. — Improper selection of resistor 
values. 


wever, in computing the ratios it may be 
ind that the resistance of one or more of 
i input legs may exceed three megohms, 
ice a three-megohm resistor is susceptible 
pickup through inductive coupling with other 
Bistors in the network box, a special divider 
twork is substituted for the large resistor 
reduce its size but keep the computation 
5 same. 

Illustrated in figure 6-23 is a circuit where 
3 ratio desired is such that to use a single 
Bistor would require one which exceeds the 
ixiraum limit of three megohms. 

The circuit provides a scale change of 1 : 1 2 
Ing a single resistor in the input leg. The 
ale factor of the input voltage is 1,000 yards/ 
It. Due to the ratio between and R , the 
tput voltage is -1 volt with a 1 scale factor 
12,000 yards/volt. 

E f = Ei(Rf/Ri) Output scale factor = 

Input scale factor (R]/Rf) 

-Ef = l2(i/i2) Output scale factor = 

1,000 yards/volt (l2/l) 

Ef = -1 volt Output scale factor = 

12,000 yards/volt 

If such a situation arises during the design of 
computer, a single divider network would be 
bstituted for the large input resistor. Illus- 
ited in figure 6-24 is a circuit using a single 
rtder. It will accomplish the same change with 
resistors exceeding the maximum limit of 
ree megohms. This circuit, which uses no 
Bistors above one megohm, effectively offers 
isame resistance as the one using 12 megohms. 
As stated previously during the explanation 
network boxes, summing point J is at vir- 
il ground. Therefore, the input circuit may 
redrawn (fig. 6-25), as a series-parallel 


circuit. The total resistance of this series- 
parallel circuit i6 found as follows: 


Rt = R i + 


r s xr 2 

R s + r 2 


R 


t 


1.0 + 


(1.0) (.1) 

1.0 + .1 


R t = 1.0 + .090909 
Rt = 1.090909 megohms 

Knowing the value of Rf and the applied 
voltage, the total current in the single divider 
network can be determined: 



T - l 2 

1,090,909 ohms 
1^ = 11 w ampe 


By knowing the total current through the 
single divider network it is possible to find 



Figure 6-24. —Circuit using a single divider 
network. 



R2=.i m 

WW - 1 
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Figure 6-25. —Input circuit redrawn as a series 
parallel circuit. 
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the voltage drop across each portion of the 
circuit. The voltage drop across is: 

Ej = ^ X Rl 

E^ = llpamps X 1.0 M 

Ei = 11 volts 

If 11 volts is dropped across R^, then 1 
volt must be felt across R s and R . Thus, 
the current through each leg of the parallel 
circuit is: 



l, = I0 u amps I g = l u amp 

If only 1 y amp of current is flowing through 
R g , the same current is passing through the 
feedback resistor R f . Therefore, If = I s . Due 
to the single divider network in the input leg, 
an input voltage of +12 volts will cause an 
effective input voltage of +1 volt (which is 
across R ) to be felt at summing point J. 
Therefore, the amplifier need only produce a 
-1 volt output to provide a zero or null con¬ 
dition at summing point J. Thus, 


h * Is 



E f = Rf (E s /R s ) 
-E f = l(l/l) 

Ef = -1 volt. 



A B 
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Figure 6-26.—Similar resistor networks. 


Ef * -7.6V I50KTS/V 
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Figure 6-27. — Circuit requiring two slug 
divider networks. 


The single divider network, (fig. 6-26A),whi 
uses no resistors above one megohm, will,p| 
sent an effective resistance of 12 megohms 
the input leg. This is the same as a 12-megqt 
resistor would. See figure 6-26B. Thus, t 
current through R s is the same as if the iq 
leg consists of a 12-megohm resistor (l 
in either circuit). The single divider netwb 
does this because it is a voltage divider a 
most of the current is passed through 1^(1 
amps) while only a very small portion (1 ^ an 
of the current is flowing through resistor B 
A very useful formula to find the effect! 
resistance of a single divider network is 


follows: 

Effective Resistance 



Effective Resistance = 1.0 + 1.0 + 


' 1.0 XL 
^ 0.1 



ZN 
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Figure 6-28. —Circuit using a multiple divid 
network. 
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Effective Resistance = 1.0 + 1.0 + 10.0 


Current caused by -12V: 


Effective Resistance = 12.0 megohms 


I c = E/R, or 12/5.0 megohms - 2.4 ^ amps 


When more than one single divider network 
is required in a summing computing loop, it is 
advantageous, if at all possible, to use a mul¬ 
tiple divider network rather than two single 
divider networks. The summing computing loop 
illustrated in figure 6-27 requires two single 
divider networks because the resistance of two 
of the input legs is above three megohms. 

Rather than use two single divider networks, 
one multiple divider network is used, as drawn 
iin figure 6-28. In this network, resistor R c 
is common to both the E g and E 3 input legs. 
The value of each resistor used in the input 
leg of E 2 and E 3 is selected so that the input 
circuit will deliver the same current to sum¬ 
ming point J as the original circuit when the 
multiple divider network is supplied with the 
■same input voltage. 

The effective resistance formula is used to 
determine the effective resistance of input legs 
E a and E 3 so that the total current through 
R c can be computed. Thus, 

Effective resistance of E 2 leg: 

R„ X R 

R eff = R 2 + R c + -iT” 2 ” 

3 

. n 1.6X2.0 

R e ff ’ l- 6 + 2 -° + i.333“" 


• R e ff = 6 megohms 


Effective resistance of E leg: 


R eff R 3 + R c + 


R , X H 
3 c 


Rf 


= 1.333 + 2.0 + 
R e ff = 5 megohms 


1.333 X 2.0 
1.6 


These two currents subtract; therefore a total of 
.4 u amps will flow through resistor R c to com" 
bine with the 7.6 ^ amps through resistor Rf to 
provide tne 8 u amps required for resistor R . 

The three inputs represent a total of 1,140 
knots. Therefore, if the summing computing loop 
is functioning properly, the output voltage will 
represent 1,140 knots. Thus, 

Input in knots: 

12 V X 100 Kts/V = 1,200 knots 

12V X 25 Kts/V = 300 knots 

-12V X 30 Xts/V = -360 knots 

1,140 knots 

Output in knots: 

-8.0V X 150 Kts/V = 1,200 knots 
-2.0V X 150 Kts/V = 300 knots 

+2.4V X 150 Kts/V = -360 knots 
-7.6V X 150 Kts/V = 1,140 knots 


MULTIPLICATION AND DIVISION OPERATIONS 
IN ANALOG COMPUTERS 

Multiplication and division operations in an 
analog computer are as important as summation 
operations. Multiplication may be performed 
electrically by amplifiers, and electromechani- 
cally by potentiometers. Multiplication and di¬ 
vision in amp’ifiers was discussed previously 
and will not be covered here. 

In an analog computer, the computer variables 
to be multiplied may be either voltages or motions 
(shaft rotations or positions). Therefore, multi¬ 
plication of two variables may be performed by 
one of the following methods: volts x motion, mo¬ 
tion x motion and volts x volts. Multiplication 
by each of these methods is discussed, and, 
where the same elements can be used for di¬ 
vision, this operation is also covered. 


The current actually flowing through resistor 
Rc* ^ the difference between the currents result¬ 
ing from the +12 volt and -12 volt inputs, or a 
total of .4 u amps. 

Current caused by +12V: 

I c = E/R, or 12/6.0 megohms = 2 u amps 


MULTIPLICATION OF TWO VARIABLES 
WITH A POTENTIOMETER 

In the discussion of potentiometers the pot 
was used to convert a mechanical computer 
variable into a corresponding electrical value. 
This was referred to as mechanical to electri¬ 
cal conversion. Actually, the pot multiplied a 
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mechanical shaft position by a constant voltage; 
or in other words, a variable was multiplied by 
a constant. 

The pot shown in figure 6-29 multiplies two 
computer variables, one electrical and the other 
mechanical; this demonstrates volts times motion 
multiplication. The potentiometer is energized 
by a voltage that can vary from -10 to +10 volts. 
This voltage represents a rate which is expressed 
in knots/volt. The mechanical input represents 
time in seconds, and can be varied from 0 
seconds to 50 seconds at 5 seconds per turn 
of the 10 turn pot. The output represents a dis¬ 
tance and is expressed in yards/volt. Thus, the 
potentiometer will perform any multiplication 
problem within limitations, involving Rate x Time 
= Distance. 

Previously knots were converted to yards/ 
second by the use of a constant, 0.563. The 
electrical scale factor, 2,815 yards/volt, in¬ 
cludes the conversion of knots to yards/second, 
therefore the constant 0.563 is there but not seen. 
If a problem is computed mathematically however, 
the constant must be used. 

The output scale factor can be determined 
by using the maximum input voltage and the two 
input scale factors. Thus: 

Maximum input of knots is: 

100 Kts/V x 10 volts = 1,000 knots 

Maximum yards/second is: 

1,000 knots x 0.563 = 563 Yds/Sec 

Maximum yards/output is: 

563 Yds/Sec x 50 seconds = 28,150 yards 


100 KTS/V 


I0T 


2,815 YDS/V 
f 5 SEC/REV 

I 

I 
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Figure 6-29. — Potentiometer multiplication of 
two variables. 


Output in yards/volt is: 

28,150 yards/10 volts = 2,815 Yds/V 

If +6 volts were the input voltage and th< 
slider were positioned to represent 20 seconds 
the output voltage would be 2.4 volts. This voltagi 
represents 6,756 yards. Mathematically, this ca 
be proven as follows: 

6 volts at 100 Kts/V = 600 knots 

600 knots X 0.563 = 337.8 Yds/Sec 

337.8 Yds/Sec X 20 Sec = 6,756 yards 

Previously, in the study of pots, you saw tha 
for one position of the slider a certain outpu: 
voltage was obtained because the input voltag! 
was constant. However, when the input volta^ 
is variable, many different output voltages cai 
be obtained for a given position of the slider, 
For example, several possible output voltage! 
are listed below for the 20 second position dj 
the slider, which is 0.4 of the total travel 

Input Output 


1,000 knots = +10 Volts 

10V X .4 = 4V H 
or 11,260 yds. 

800 knots = +8 Volts 

8V X .4 - 3.2 Vj 
or 9,008 yd6 ' 

600 knots = +6 Volts 

6VX .4 = 2.4 V* 
or 6,756 yds ' 

400 knots = +4 Volts 

4V X .4 = 1.6 V 
or 4,504 yds 

200 knots = +2 Volts 

2V X .4 = 0.8 V' 
or 2,252 yds 

100 knots = +1 Volts 

IV X .4 = 0.4 V 
or 1,126 yds 

0 knots = 0 Volts 

0V X .4 = 0.0 V 
or zero yds 

-300 knots = -3 Volts 

-3V X .4 --1.2V 
or 3,378 yds ’ 

-500 knots = -5 Volts 

-5V X .4 *-2.0 V 
or 5,630 yds 

-700 knots = -7 Volts 

-7V X .4 =-2.8V 
or 7,882 yds 

-900 knots = -9 Volts 

-9V X .4 =-3,6 V 
or 10,134 yds , 
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+5 SFC/V 



-VOLTAGE 

TIME *0 -50 SECONDS 

RATE*-563 YDS/SEC TO +563 YDS/SEC, 

OR TOTAL OF 1.126 YDS/SEC 

167.89 

ire 6-30. — Double-ended potentiometer mul¬ 
tiplication of two variables. 

UBLE—ENDED POTENTIOMETER 
A MULTIPLIER 


to the potentiometers, the following conditions 
would exist: 

± 4 volts would energize the potentiometer 
thus representing 20 seconds (4 volts X 
5 Sec/V = 20 seconds). 

To represent +600 knots, the slider is rotated 
3 revolutions so that the slider moves up¬ 
ward from the center a total of 337.8 Yds/ 
Sec (3 Rev X 112.6 Yds/Sec/Rev = 337.8 
Yds/Sec, or 600 knots). 

The output voltage will be +2.4 volts (+4 
volts X 2(3/10) = +2.4 volts). 

+2.4 volts, whose scale factor is 2,815 Yds/ 
V, therefore represents 6,756 yards (2,815 
Yds/V X 2.4 volts = 6,756 yards). 

CASCADING POTENTIOMETERS 
FOR MULTIPLICATION 


Previously, a double-ended potentiometer was 
Jd to represent electrically a variable that 
lid be either plus or minus with respect 
a zero reference. Each end of the pot was 
srgized with a voltage — one end with a plus 
Itage, the other with a negative voltage. How- 
ar, some analog computers also utilize a 
uble-ended pot to solve multiplication prob- 
ns similar to the one just studied. 

Illustrated in figure 6-30 is a double-ended 
t which can do the same multiplication prob- 
® just discussed. Each end of the pot is 
ergized by a voltage which represents time, 
tus and minus voltages are used because the 
te can be either plus or minus with respect 
a zero reference. Therefore, a positive rate 
ill produce a plus voltage and a negative rate 
ill produce a minus voltage. The mechanical 
put represents the rate and is expressed in 
inis/second. The conversion from knots to 
utls/second has already been done. The zero 
>8ltion of the slider is at the center of the 
Jtentiometer, as is the case for all double- 
■fed potentiometers. Thus, from the center 
* the potentiometer to either end represents 
w yards/second, or a total of 1 , 1 26 yards/ 
PWnd, A 10-turn potentiometer is used, therefore 
I® mechanical scale factor is 112.6 Yds/Sec/Rev. 
° e slider movement from the center to either 
M of the potentiometer will represent 1,000 
“*8 (563 Yds/Sec/.563). 

1 A the same multiplication problem, +600 
**8X20 seconds = 6,756 yards were presented 


So far in our discussion of linear potentiom¬ 
eters we have assumed that the output is connected 
to a high impedance which does not draw any 
appreciable amount of current from the poten- 



167.90 

Figure 6-31. —Loading effect of an a-c volt¬ 
meter. 
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tiometer. The output is therefore directly pro¬ 
portional to the angle of rotation of the poten¬ 
tiometer shaft multiplied by the input voltage or 
E q = E in x0 . This equation may be rewritten 
as E Q = E^ (R/R t ) if the potentiometer is 
labeled as shown in figure 6-31. Thus when the 
input is 10 volts and the slider is positioned 
at its center of travel, the open-circuit voltage 
at the slider is 5 volts if measured with a vacuum 
tube voltmeter. However, if an a-c voltmeter with 
an impedance of 1,000 ohms/volt is used to meas¬ 
ure the output voltage, the meter will draw current 
and the output voltage will be reduced to 4.444 
volts. This type of a-c voltmeter should not be 


10 V 4 V 
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Figure 6-32. —A. Loss of voltage due to loading 
a potentiometer, B. Series parallel circuit 
formed. 


used to measure the output voltage from a com¬ 
puting potentiometer. The output voltage was 
determ-ned by first computing the effective re¬ 
sistance of the circuit using the formula for 
effective resistance. Be careful, make certain you 
understand which resistance of the parallel branch 
is acting as an effective total resistance. It 
may be to your advantage to review the method 
of calculating effective resistance. 

To obtain the electrical product of two mechan¬ 
ical variable, two pots may be used. This is 
referred to as motion x motion multiplication. 
However, if the pots are connected as shown in 
figure 6-32A, the second pot will draw current, 


thus loading the first pot. As a result, the out 
put voltage of the first pot is not proportion? 
to shaft rotation but is less than that value by a 
amount which depends on the current drain as wel 
as the position of the slider and its total re 
si stance. Hence, the output of the second pc 
is in error even though die output is connecte 
to a high impedance load, because the poten 
tiometers are connected so that a series paral 
lei circuit is formed, as shown in part B c 
the figure. 


The formula for computing the total effectiv 
resistance of the circuit can be used: 


Total R eff 
Total R eff 


Rj^ + Effective R of R g and Rg 


R 1 


R s + R 2 

R s + R 2 


= 2.5K + 


12.5K 

7.5K 


= 2.5K + 1.6K 


= 4.1K ohms 

rhis effective resistance of the circuit is the 
ised to determine the voltage applied to th 


( 



second potentiometer which can be found 
using the ratio: 


Input voltage _ X(voltage applied to second il 


Total effective 
resistance 


Effective resistance of R s + 


10 volts _ X 


4.IK ohms 1.6K ohms 
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tion. 


(X) (4. IK) = 16K 

X =3.9 volts 

his 3.9 volts is applied to R s , the slider of 
8 is at its center of travel (50%). The volt- 
je out (E 0 ) from R s equals: 

E o = E in x Q 
= 3.9 x 0.5 


10 VOLTS 



10 VOLTS 



= 1.95 volts 

To eliminate the error in the output due 
D loading, the two potentiometers are isolated 
rom each other with a network box and a feed- 
*ck (isolation) amplifier, shown in figure 6-33. 
Vith the loading effect eliminated, the output 
8 an accurate 2.5 volts. This is due to the 
act that Rg is no longer in parallel with B , 
*it is in parallel with the input to the net¬ 
work box. 

If the potentiometers are ganged together, 
shown in figure 6-34, and the mechanical in- 
tot is designated as the X input, then the out- 
Prt is equal to E^ X 3 . Thus, potentiometers 
®ay be used to raise the power of an input (X). 
J a fourth potentiometer is used, the variable 
5 Is raised to the fourth power, and so on, by 
■Wing pots. 

^VISION WITH POTENTIOMETERS 

Potentiometers can be used to perform divi¬ 
sion as well as multiplication. When two poten¬ 
tiometers were used for multiplication, the out- 
Itot was taken from the slider of the second 
Potentiometer. To perform division, the output 
from the slider is fed back as a nulling voltage 
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Figure 6-35. — A. Divider loop using potentiom¬ 
eters; B. Divider loop operation. 


to the network box. The equation solved is 
Z = X/Y. 

There are two facts known about the elements 
in a divider loop; a potentiometer is a multiplier, 
and a two-legged network box has equal know¬ 
ledge (not necessarilly equal voltage) on each 
leg. In addition to these two known facts for the 
loop to perform division, the input-output ratio 
of the amplifier must be variable. 


Looking at figure 6-35A, there are two vari¬ 
ables in the circuit. The first is the input voltage 
into the network box (X input), the second is the 
amount of voltage fed back to the network box 
(determined by the Y input). The output of the 
loop is unknown, and is called (Z). Potentiometer 
R. is supplied with a voltage, in this problem 
10 volts. The slider is moved through an angle 
X = .5 or 50%, and the output from the slider 
is 5 volts. IL is supplied with the amplifier 
output (Z) ana the slider is moved through an 
analog which is the Y input. Potentiometer R^ 
actually multiplies the input voltage (Z) by the 
position of its slider (Y) and the output voltage 
(ZY) is the other input to the network box. As 
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the output of the network box is theoretically 
zero; then 


0 = X - ZY 


or ZY = X 

then Z =“y“ 

Taking into consideration the ratio of the net¬ 
work box resistances, the output is: 

X voltage 
Y voltage 

Due to the ratio (Rf/R g ) of the network 
box and the X input, only 0.5 volt is required 
to null the 5 volts input to the network box. 
This can be shown by moving the slider of the 
potentiometer R*, to 100% of its travel; then 
the output of the amplifier is fed directly to 
the feedback leg of the network box, this is 
shown in figure 6-35B. The problem then becomes: 

Rj \ X voltage 
TC 1 Y voltage 

S ‘ 

s -ll_ X JL 

i i 

= 0.5 volt 
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Figure 6-37. — Volts X volts multiplication with 
a servo multiplier. 1 


changed, picking off a portion of the amplified 
output. 


Therefore, the gain of the amplifier is vari¬ 
able depending on the position of the slider of* 
R 2 . However, if the 5 volts input is changed^ 
the amount of feedback voltage required to nul£ 
this change will vary accordingly. For example,’ 
if the X input voltage were changed to 8 volts ^ 
(representing X = .8), the amount of feedback 
required to null this voltage would be .8 volt. 


R f 

Ef E s R Q 



* 


As long as the input remains 5 volts, the 
feedback voltage will be 0.5 volt, but the out¬ 
put of the amplifier will vary as the Y input is 



linear potentiometer. 


= .8 

Taking the reciprocal of a quantity (fig. 6-36) * 
is also a division process. In a reciprocal cir¬ 
cuit, the input to the network box is a constant 
voltage (computer reference), and the slider of 
the pot is moved by the mechanical input Y. 
The voltage output of the amplifier is the elec- < 
trical reciprocal of the mechanical input pro¬ 
viding the slider is positioned at the top of the* 
pot for maximum input, and near ground po¬ 
tential for minimum input. 

SERVO MULTIPLIER 

The servo multiplier is used to multiply two; 
voltages together with the output as a voltage^ 
The principle of operation is to first convert 
one of the voltages to a proportional mechanical 
displacement or rotation by using a servo. This 
mechanical quantity moves the slider of a ganged 
potentiometer to perform the final multiplication. 

A servo multiplier is illustrated in figure 6-37. 
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The two voltages to be multiplied are desig¬ 
hted Ej and Eg. Each of these voltages repre- 
ents a computer variable.Through servo action, 
lie servomotor positions the slider of potentiom- 
ter RlA so that the feedback voltage to the net¬ 
work box is always proportional to the input 
oltage ^. Bear in mind that the feedback 
oltage, E f , can represent several input voltages 
o the network box. Because potentiometer RlA 
s linear, the output angle q is proportional to 
he input voltage E x . 

Now, let us assign values to voltages E x and 
5j. Look at figure 6-37. If E 3 is a constant 
12 volts and E 1 is +6 volts, the servo will drive 
intil the slider of potentiometer RlA provides 
■6 volts of feedback to the network box. At this 
ime, the servomechanism stops driving and the 
slider of potentiometer RlA is at 50 percent of 
t full rotation. Since pots Rl A and Rl Bare ganged 
together, the slider of RlB is also at 50 percent 
)f a full rotation. Potentiometer RlA has pro¬ 
dded the feedback voltage to position its slider 
correctly, and the multiplication will be per¬ 
formed by the potentiometer RlB. 

If a value of 8 volts is assigned as the input 
voltage to potentiometer RlB, the output voltage 
of the servo multiplier can be determined. Two 
values concerning the potentiometer are known: 
first, the slider is positioned at 50 percent of 
full rotation, and secondly, the input voltage is 
8 volts, thus, the equation, E 0 = E 2 X percent of 
rotation can be used to find the output voltage. 
For this example E 0 is 4 volts. 

The output voltage can be computed mathe¬ 
matically by using the formula assigned to the 
output of potentiometer RlB. The formula is: 

E 0 = K X E 1 X E 2 

The constant K will always be the reciprocal of 
to© E 3 voltage applied to the feedback or null¬ 
ing potentiometer RlA. The constant for this 
example is l/l2. Therefore E = i/i2 x 6 x 8, 
or 4 volts. 

By assigning scale factors to the servo multi¬ 
plier (fig. 6-38), any rate times time problem 
can be solved. The scale factors assigned below 
ere for a target capable of traveling at a maximum 
®Peed of 810 knots. The computer reference volt- 
I age is 12 volts, and the maximum limit of time is 
1 80 seconds. The problem is to convert a 6-volt 
(Input, with a scale factor of 2.5 seconds/volt, 
11° a mechanical position and multiply this position 
jty a rate expressed in yards/second/volt. The 
^rate, 540 Kts is represented by the 8-volt in- 
fPut to potentiometer RlB, and has a scale factor 
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Figure 6-38. — Servo multiplier with assigned 
scale factors. 


of 38.0025 yards/second/volt. The output voltage 
will therefore represent yards (yards/second X 
seconds = yards). 

The servomechanism will position itself so 
that potentiometer RlA provides -6 volts feed¬ 
back to the network box to null the input signal 
of +6 volts. This position represents 15 seconds, 
and potentiometers RlA and RIB are positioned at 
50 percent of a full rotation. 6 V at 2.5 Sec/V = 15 
Sec. 

Potentiometer RlB will perform the multi¬ 
plication of 15 seconds times 8 volts at 38.0025 
yards/Sec/volt. The 8 volt (8 X 38.0025 = 304.02). 
Thus multiplying yards/second X seconds = yards 
(304.02 X 15 = 4,560.3). The results can be checked 
by dividing the yardage by the electrical scale 
factor of the output voltage. Thus, 


4.560.3 yards 
1,140.075 Yds/v 


= 4 volts. 


TRIGONOMETRIC FUNCTIONS IN 
ANALOG COMPUTERS 


In electrical analog computers, a-c resolvers 
are used primarily for the solution of right tri¬ 
angles and coordinate rotation. In the solution 
of a particular problem In a computer, the re¬ 
solver must be used in conjunction with a net¬ 
work box and feedback amplifier. In many cases, 
the output of a resolver will be the input to other 
resolvers, until as many as six or seven are 
connected into a resolver chain. As you learned 
in chapter 5, resolvers are low impedance 
elements. Therefore to compute accurately they 
must be isolated from the preceding element to 
prevent loading. Isolation is provided by a net¬ 
work box and feedback amplifier. The amplifier 
is sometimes called an isolation or booster 
amplifier. It has a low output impedance and 
can correct any undesirable phase shift developed 
in the resolver. Thus, in actual application, 
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Figure 6-39. —Basic resolver loop. 
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resolvers are connected in what may be referred 
to as basic resolver loops. 

BASIC RESOLVER LOOP 

Figure 6-39 shows a circuit diagram of a 
basic resolver loop. The input voltages are 
designated as E a and E^ . The voltages are 
in phase or 180° out of phase with the computer 
reference voltage. The input voltages are always 
impressed on the stator windings of a resolver 
via a network box and isolation amplifier. Signal 
flow in the stator circuit is somewhat different 
than that of a sign reversing or summing com¬ 
puting loop. In those loops, the amplifier output 
was fed directly back to the network box as the 
feedback voltage. However, in a resolver loop 
the output of the amplifier excites the stator 
winding of the resolver, which induces a voltage 
in an additional winding called the feedback wind¬ 
ing. The voltage induced in the feedback winding 
is fed back to the network box as the feedback 
voltage, which must be out of phase with the 
input voltage to the network box. 

The magnitude of the amplifier output is less 
than the input voltage to the network box, and a 
slight phase shift is designed into the loop to 
compensate for the phase shift developed in the 


resolver. There is a slight step-up of voltage 
between stator and rotor so that unity gain il 
achieved between the input of the loop (at the 
network box) and the output. In addition, to 
help achieve the unity gain desired and resolvei 
interchangeability, the feedback and output leadi 
are trimmed with a capacitor to provide a 
constant value of capacitance (up to 2,000 yyfd 
in some computers). These leads are coaxial 
cables and naturally have a certain capacitance 
per foot; therefore, trimming is necessary sc 
that the various lengths of cables are made uni¬ 
form in capacitance. The shields of the coaxial 
leads are grounded. 

The amplifier output is also connected to a 
load resistor for proper operation of the am¬ 
plifier. The load resistor may be mounted within 
the network box or mounted externally. 

When the voltage at Eb is zero and the Ea 
voltage is of some nominal magnitude, the voltage 
induced in the R1-R3 winding will be equal to the 
Ea voltage and of the same phase, providing the 
rotor is at its zero position. At this zero position 
of the rotor, zero volts will be induced in the 
R2-R4 winding. 

Clockwise rotation of the rotor will cause a 
voltage to be induced in the R2 winding that is out 
of phase with the Ea voltage. Counterclockwise 
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rotation of the rotor will cause a voltage to be 
induced in the R2 winding that is in phase with 
the Ea voltage. When the rotor is at a position 
bo that these conditions are met, the resolver 
is said to be on electrical zero. 

Once the electrical zero position of a resolver 
has been set, problems involving resolution, 
composition and coordinate rotation can be solved 
by the resolver. To solve problems, the voltages 
induced in the rotor windings follow an established 
equation depending on the polarity of the Ea and 
Eb inputs, the rotor lead selected, and the direction 
of rotation of the rotor. For example, assume that 
Ea and Eb are +8 volts, and the rotor is rotated 
30° clockwise. The voltages induced in rotor leads 


Rl and R2 are as follows: (Negative values 
determined by phase comparison.) 

Rl = EaCos 30° + EbSin 30° 

8 (.866) + 8 (.5) 

6.928 + 4 
10.928 volts 

R2 = EaSin 30° + EbCos 30° 

-8(.5) + 8(.866) 

-4 + 6.928 

+ 2.928 volts 

For the same Ea and Eb inputs, rotation of 
the rotor counterclockwise a total of 30° will 


note: this diagram is to be used as 



\\X 
& "/* 

OUTPUT FUNCTIONS 

+Ea +Eb 

+Ea -Eb 

-Ea -Eb 

-Ea + Eb 

1 

Rl 

R3 

CW 

EaCosO+EbSinO 

EaCosO-EbSinO 

-EaCosO-EbSinO 

-EaCosO+EbSinO 

2 

R3 

Rl 

CW 

-EaCosO-EbSinO 

-EaCosO+EbSinO 

EaCosO* EbSinO 

EaCosO-EbSinO 

3 

R2 

R4 

CW 

-EaSinO+EbCosO 

-EaSinO-EbCosO 

EaSinO-EbCosO 

EaSinO+EbCosO 

4 

R4 

R2 

CW 

EaSinO-EbCosO 

EaSinO+EbCosO 

-EaSinO+EbCosO 

-EaSinO-EbCosO 

5 

Rl 

R3 

CCW 

EaCosO- EbSinO 

EaCosO+EbSinO 

-EaCosO+EbSinO 

-EaCosO-EbSinO 

6 

R3 

Rl 

CCW 

-EaCosO+EbSinO 

-EaCosO-EbSinO 

EaCosO-EbSinO 

EaCosO+EbSinO 

7 

R2 

R4 

CCW 

EaSInO-f EbCosO 

EaSinO-EbCosO 

-EaSinO-EbCosO 

- EaSinO+EbCosO 

8 

R4 

R2 

CCW 

-EaSinO-EbCosO 

- EaSinO* EbCosO 

EaSin0*EbCos0 

EaSinO- EbCosO 


Figure 6-40. — Standards for resolver Mk 4 Mod 3. 
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cause different voltages to be induced in Rl 
and R2. The voltages induced are as follows: 

Rl = EaCos 30° - EbSin 30° 

8(.866) - 8(.5) 

6.928 - 4 

+ 2.928 volts 

R2 = EaSin 30° + EbCos 30° 

8 (. 5 ) + 8 (. 866 ) 

4 + 6.928 

+ 10.928 volts 

Compare these voltages with those obtained when 
the rotor was rotated clockwise: 

ROTATION Rl OUTPUT R2 OUTPUT 
OF 

ROTOR 

CW +10.928 V + 2.928 V 

CCW + 2.928 V +10.928 V 

From the preceding comparison, it can be seen 
that the direction of rotation of the rotor has a 
very important bearing on the output voltages 
obtained. The preceding problems used a plus 


value of Ea and Eb. If either or both were nega¬ 
tive, the outputs would naturally change. 

The table in figure 6-40 shows the various 
combinations of output voltages available from a 
resolver under different conditions. The second 
and third column indicate the condition of the 
rotor connections: HIGH meaning the output 
lead, LOW SIDE meaning the rotor lead is 
grounded. The next column shows the direction 
of the rotor from electrical zero. The next four 
columns show the output function in relation to 
the polarity of the Ea and Eb inputs. 

To illustrate use of the table, consider the 
preceding example where the rotor was rotated 
counterclockwise. Both Ea and Eb were positive 
and the Rl and R2 windings were the outputs. 
Under the HIGH column, locate the two lines 
where Rl is high (lines 1 and 5). The ROTATION 
column is used next to determine which of the 
two lines to use. In this case, since the rotor 
was turned counterclockwise, use line 5. To read 
the output function from the Rl rotor lead, locate 
the OUTPUT FUNCTION listed in the +Ea +Eb 
column. This reads: Ea Cos q - Eb Sin 0, which 
is the same output function used to compute 
the Rl voltage in the preceding example. 
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The OUTPUT FUNCTION of the R2 winding 
would be read on line 7 under the same output 
function column. This line reads: Ea Sin 9 + 
Eb Cos 9 , which is the same output function 
used in the original example. 

When only one stator is energized, the input 
voltage will be applied as the Ea input. Therefore, 
only the Ea side of the equation is used; the Eb 
portion is deleted. 

BASIC RESOLVER LOOP 
(practical application) 

The basic equations for resolvers used in this 
example (fig. 6-41) are: 

Rl = X Sin 9 + Y Cos 9 

R2 = X Cos 9 - Y Sin 9 

The outputs are not the actual phase of the 
output voltage, but merely indicate that the 
Induced voltages will add or subtract when the 
rotor is in the first quadrant. To produce the 
above equations, stator windings Si and S2 are 
supplied with a positive voltage (positive with 


respect to ground at the resolver, not the input 
to the amplifier), and the resolver rotor is 
rotated clockwise for an increasing quantity. 
Notice how the rotor is rotated in relation to the 
stator windings. This will be helpful when you 
actually phase out a resolver loop. When a resolver 
is replaced, the loop must be adjusted to provide 
unity gain between the input to the loop and the 
output. Two adjustments are involved: the phase 
and the gain adjustments. 

The basic objective is to adjust the loop so 
that the output voltage of the rotor has the same 
phase and amplitude as the input voltage to the 
amplifier when the rotor is at its zero position. 

At the zero position of the rotor, the winding 
concerned is parallel to the stator winding that is 
inducing the voltage in it. In this position, there 
should be unity gain, or one-to-one transforma¬ 
tion, between the input to the amplifier, and the 
resolver output and a zero phase shift should take 
place. If unity gain or the desired phase shift is 
not achieved, then the phase and gain adjustments 
mist be made so that the amplifier output is 
changed in both phase and magnitude to provide 
the proper output from the resolver. 
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Figure 6-42. — Oscilloscope connections for adjusting phase and gain of a resolver loop. 
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in space by rectangular and polar coordinate 
systems. 


Figure 6-42 illustrates the connections for 
making the gain and phase adjustments for the 
X input. The Y input is grounded, and all grounds 
shown must be common. The Lissajous pattern 
on the oscilloscope should make a diagonal figure 
eight, compressed in height as much as possible. 

RESOLUTION 

One of the trigonometric functions a re¬ 
solver is capable of handling is the resolution 
of a vector. This is the process of taking a 
vector in its polar form and resolving it into its 
two rectangular components. To accomplish reso¬ 
lution with a resolver, one electrical input and 
one mechanical input are required. Two electrical 
outputs will be obtained. 

Two resolvers can be used to resolve present 
target position (a vector in polar form) into three 
voltages representing target position in Cartesian 
(rectangular) coordinates. Figure 6-43 shows the 
geometry of the problem and figure 6-44 is a 
schematic diagram of a typical resolver chain 
that changes (transforms) polar coordinates into 
rectangular coordinates. 

The electrical input to resolver BR-1 is range 
R. The rotor is mechanically positioned by target 
elevation E. The output from rotor lead R4 is 
target height Rv or the Z axis of a rectangular 
coordinate system. This is one of the electrical 
quantities desired. The output obtained from 
rotor lead R3 is horizontal range Rh. Thus the 
rectangular components (Rh and Rv) of the 


vector represented by R (its magnitude) and 
E (its direction) have been determined. 

Horizontal range Rh (it can be thought of 
as the length of a new vector lying in the hori¬ 
zontal plane) is the electrical input to resolver 
BR-2. The rotor is mechanically positioned by 
true target bearing By (the direction of vector 
Rh). The output from rotor lead R3 is north- 
south horizontal range, Rhy or the Y axis of 
a rectangular coordinate system. The output 
from rotor lead R4 is eastwest horizontal range 
Rhx (the X axis). The outputs are the two 
quantities (X and Y) required to express present 
target position in Cartesian coordinates. 

Resolver BR-l solves the following equations: 
R CosE = Rh and R SinE = Rv. Resolver BR-2 
solves the following equations: Rh CosBy * Rhy 
and Rh SinBy = Rhx. 

COMPOSITION 

Another trigonometric function a resolver 
handles is the composition of a vector. This 
is the process of taking a vector in its rec¬ 
tangular form and composing the vector in its 
polar form. In other words, two sides of a right 
triangle are known and the resolver solves for 
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Figure 6-44. — Typical resolver chain for con¬ 
verting polar coordinates into rectangular 
(cartesian) coordinates. 
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Figure 6-45. — Vector composition. 
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the hypotenuse and acute angle. To accom¬ 
plish composition with a resolver, both stator 
windings are energized. These inputs repre¬ 
sent the height and base of the triangle. One 
electrical output and one mechanical output will 
be obtained. These outputs represent the hy¬ 
potenuse and acute angle. To obtain a mechani¬ 
cal output from a resolver, one rotor winding 
provides the input signal to a servomechanism 
which drives the rotor of the resolver until 
zero volts is induced in the winding. When this 
operation is complete the resolver loop has 
composed the vector. The position of the rotor 
represents the angle of the vector and the 
other rotor output represents its magnitude. 

The loop diagrammed in figure 6-45 is used 
to change rectangular coordinates of target motion 
to a vector quantity, thus representing target 
course (direction) and speed (magnitude). The 
two motion coordinates, DMhy and DMhx, are 



s 
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Figure 6-46. —Geometry of rectangular to polar 
transformation (the composition of vector 
components). 


computed with respect to the N-S and the E-W 
axis, respectively. A resolver is used to com¬ 
pose these coordinates into a vector which has 
target course Ct as its direction and target 
speed DMh as its magnitude. Figure 6-46 shows 
the geometry of the problem. 

Returning to fig. 6-45, potentiometers R22 
and R23 are energized with +25 and -25 volts, 
since target rates (DMhx and DMhy) will be 
either plus or minus quantities. A target course 
of zero degrees is computed when the output 
of R22 is zero volts and R23 has a negative 
output. 

To compute a target course of 45°, assume 
that the output of potentiometers R22 and R23 
is -15 volts. Servomotor B31 will drive the 
rotor of resolver 34 counterclockwise until a 
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Figure 6-47. —Polarity of rotor windings (Rl 
and R2) of B34. 

null voltage is induced in the Rl winding.Con- 
currently, the voltage induced in the R2 wind¬ 
ing will be a maximum negative voltage, or 
-2l.2l volts. 

To provide the above outputs, the voltages 
induced in Rl and R2 must follow an estab¬ 
lished equation in each rotor winding. These 
equations are: 


Rl = -DMhx(CosCt) + DMhy (SinCt) 

R2 = -DMhx(SinCt) - DMhy (CosCt) 

The voltages induced in Rl (fig. 6-47) will 
subtract; therefore, the mechanical position of 
the rotor represents the angle of the target 
course vector. The voltages induced in R2 will 
add; therefore, the magnitude of the R2 voltage 
represents target speed DMh. A servomechanism 
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Figure 6-48. — Geometry of a coordinate rotation 
problem. 


is used to obtain a mechanical representation 
of target speed. Automatic gain control is pro¬ 
vided to the Ct servomechanism so that the gain 
of the amplifier varies inversely with the target 
speed. 

Another trigonometric function a resolver can 
handle is the rotation of coordinates. This process 
involves the rotation of rectangular coordinates 
from one axis system to another axis system. 

To rotate coordinates from one axis system to 
another, a resolver must have one mechanical 
input and two electrical inputs. Two electrical 
outputs are obtained. 

The geometry of a coordinate rotation problem 
is illustrated in figure 6-48, Target position is 
expressed by rectangular coordinates Rhx and 


Rhy. These quantities relate how far the target 
is from own ship, measured along the N-S and 
E-W axis. The problem is to express target 
position in rectangular coordinates with respect 
to the centerline of own ship; or in other words, 
to determine the distance to the target along and 
perpendicular to own-ship centerline. Actually, 
the quantities desired are the rectangular co¬ 
ordinates of the relative target bearing vector. 
The quantities Rhx, Rhy, and Cqo are given in 
figure 6-48. 

To solve the two equations, Rh CosB=Rhy 
(CosCqo) + Rhx(SinCqo) and Rh SinB=Rhx(Cos 
Cqo) - Rhy(SinCqo), two resolvers are used. 
(See figure 6-49.) Horizontal range Rh and true 
target bearing By are the inputs to resolver 
Bi which resolve the polar vector into rectan¬ 
gular coordinates, Rhx and Rhy. The equations 
solved by resolver Bl are: Rhx = Rh SinBy 
and Rhy * Rh CosBy. The magnitude of Rhx 
and Rhy are +8.66V and +5V, respectively. 

The rotor of resolver B2 is rotated by ships 
heading Cqo, and the stators are energized by 
Rhx and Rhy — stator S5 by Rhx and S6 by Rhy. 
If ship heading were 0°, resolver B2 would 
compute the rectangular coordinates of the polar 
vector; that is, the Rl output would be +5 volts 
and the R2 output would be +8.66 volts. However, 
ship’s heading is 20°; therefore the Rl output 
will increase while the R2 output will decrease. 
The equations solved by resolver B2 are: 

Rl = Rhy (CosCqo) + Rhx(SinCqo) 

5V(.9397) + 8.66V(.342) 

4.70V + 2.96V 
+ 7.66V 



Figure 6-49. — Rotation of rectangular coordinates with resolvers. 

198 Digitized by Google 


167.108 




Chapter 6 —FUNDAMENTALS OF ANALOG COMPUTERS 



167.109 

Figure 6-50. —Inverse sine resolver loop. 


R2 = Rhx(CosCqo) - Rhy(SinCqo) 
8.66V(.9397) - 5V(.S42) 

8.14V - 1.71V 
+ 6.43V 

The Rl and R2 voltages are the rectangular 
coordinates of the relative target bearing vector 
Rh and B, and are measured along and per¬ 
pendicular to own-ship centerline. Hence the 
Rl voltage represents Rh CosB, and the R2 
voltage represents Rh SinB. 

INVERSE SINE AND COSINE LOOPS 


be rotated clockwise through a 30° angle to produce 
this output. The Rl output at this position of the 
rotor is + 8.66 volts. If the Sin q input voltage were 
changed to 3.42 volts, the resolver would solve 
a 20° angle. If the Sin 0 input voltage were +8.192 
volts, the resolver would solve a 55° angle. 

The resolver loop can be made to function as 
an inverse cosine loop by selecting the rotor lead 
Rl as the input to the network box. By necessity, 
the other input to the network box would have to 
be a voltage that represents the cosine of the 
angle desired. The inverse cosine loop is shown 
in figure 6-51. Operation of the loop is the same 
as that discussed for the inverse sine loop, 
except the two known parts of the triangle 
to be solved are now the hypotenuse and adjacent 
side. 

If the Cos q input voltage were - 8.66 volts, 
the resolver loop would solve a 30° angle. The 
R2 output voltage would be -5 volts. If the Cos q 
input voltage were -9.397 volts, the resolver 
loop would solve a 20 ° angle, and the R 2 output 
would solve a 50° angle, and the R2 output would 
be -7.660 volts. 

Note that only one stator winding of the 
resolver was energized in either loop. Thus, the 
hypotenuse of the triangle was represented by 
the input voltage to the resolver. 


A resolver can be used in a loop to solve for 
an angle, given the sine or cosine of that angle. 
Such a loop is shown in figure 6-50, and con¬ 
sists of a resolver, a network box, and a servo¬ 
mechanism. 

In this loop the rotor of the resolver is 
driven by the servomechanism whose mechanical 
output is the computed angle q . If the R2 voltage 
is not equal and of opposite phase to the Sin q input 
voltage, a signal to the servomechanism will cause 
it to drive the rotor until it becomes equal. 

Since the resolver stator is supplied with a 
constant voltage, the R2 voltage is at all times 
proportional to the sine of the computed angle; 
that is, R2 = 10V X sine of the computed angle. 
The Rl voltage is at all times proportional to 
the cosine of the computed angle; that is, Rl = 
10V X cosine of the computed angle. 

In other words, the resolver loop solves for 
angle 0 when the hypotenuse (10 volts) and the 
height (Sin q input voltage) are known. Assume that 
the Sin@ input voltage is +5 volts and that the 
resolver is energized by a constant +10 volts. 
The servomechanism will drive the rotor until 
the output of R2 is -5 volts, at which time the 
loop will stop driving. The resolver rotor must 


RATE COMPUTING LOOPS OF 
ANALOG COlMPUTERS 

In an analog computer, a rate computing loop 
establishes the rate of change of its input, and 
compares the output against the input, thereby 
determining the acceleration or deceleration of 
the input. The mathematical process of obtaining 
the rate of change of a quantity is known as 
differentiation, and the result is the derivative. 
In an analog computer, the process is referred 
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Figure 6-51. —Inverse cosine resolver loop. 
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to as rate control; that is, when an error exists 
between the input and the established rate, the 
loop will correct the rate. In an analog computer 
using the Cartesian coordinate system, the rate 
of change of Rhx, Rhy, and Rv are determined so 
that the future target position can be predicted. 
The rate of change in Rhx, Rhy, and Rv are 
DMhx, DM'iy, and DMv, respectively. Figure 
6-52 shows a typical rate computing loop con¬ 
sisting of an a-c servo, a d-c tachometer, and 
a d-c servo. The loop establishes the rate of 
change of position of a target along the east- 
west coordinate. Or in fire control shorthand, the 
overall loop establishes DMhx. East-west hori¬ 
zontal range (Rhx) is the input to the a-c servo- 
loop which converts the input voltage to an 
equivalent shaft rotation. The a-c servo output 
rotates the rotor of a d-c tachometer, which 
generates a d-c voltage proportional to the rate 
of change of Rhx. This signal is passed through 
a smoothing network where any sudden changes 
in the d-c level are filtered out. The smoothed 
d-c voltage is then fed to the d-c servo, which 
positions the slider of potentiometer R2. The 
voltage picked off the slider of R2 is fed back 
to cancel the d-c input signal. When these two 
voltages are equal in amplitude and opposite in 
polarity, the servo stops driving. At this time 
(null) the position of the servo represents the 
linear rate —DMhx. Potentiometer R3 simply 
converts the mechanical position of DMhx into 
an a-c signal for use in another section of the 
computer. 

Since the target is constantly in motion, the 
Rhx input voltage will be changing. If the target 
maintains a steady course and speed or con¬ 
stant velocity, the Rhx voltage will change at 
a linear rate. The output of the d-c tach in the 
a-c servoloop will represent this linear rate 


by producing a constant d-c voltage. So once 
the d-c servo has established DMhx, the servo 
will not move until there is an increase or 
decrease in the rate at which the Rhx input 
is changing. This change will occur only when 
the target increases or decreases speed or 
changes course, or in other words, the target 
accelerates. When there is an increase or de¬ 
crease in the rate at which the Rhx input 
voltage changes, the tachometer output will vary 
accordingly. The two d-c inputs to the d-c servo 
now have different amplitudes, and the servo 
drives to establish a new DMhx and provide 
a feedback voltage to cancel the tachometer 
voltage. 


SUMMARY 

The fundamental characteristic of an analog 
is similarity to the subject in some area; i.e., 
it duplicates the geometry, dynamic behavior, or 
some other aspect of the subject. The basic op¬ 
erating principle of an analog computer is con¬ 
tinuous measurement of quantities. 

Analog computers can be employed in weapons 
and fire control systems wherever problems of 
calculations from continuous data, simulation, 
or control are encountered. 

This continuous calculation requires that the 
fire control computer be designed for a parti¬ 
cular system, which reduces its versatility. 
Fire control computers are not general purpose 
computers. Several quantities are continuously 
measured in the fire control system (such as 
range, bearing and elevation of the target) and 
always applied to the same inputs of the analog 
computer. Inside the computer, the manipulations 
are continuously performed and the results are 
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continuously available at the outputs, to be fed 
to the rest of the fire control system. 

In the areas of target detection and track¬ 
ing, analog computers are used to direct search 
radars and tracking/guidance radars, store data 
» target location and velocity, and predict 
future target motion. The calculations necessary 
to direct guided missile launchers, and actually 
control launchers and missiles are performed by 


computers. In addition to actual operation of 
fire control systems, analog computers are used 
to simulate targets for training purposes, and 
evaluate the performance of fire control systems 
in engaging the simulated targets. The history of 
increasing complexity in fire control systems and 
the increasingly rapid pace of warfare, as well 
as improvements in the capabilities of computers, 
indicate a still greater dependence on computers 
in the future. 
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CHAPTER 7 


FUNDAMENTALS OF DIGITAL COMPUTERS 


Digital computers and other equipment based 
on digital techniques are becoming increasingly 
common in missile fire control system. Further¬ 
more, those ships having 3D radars employ digital 
data processors. Looking at today’s developments 
in the fire control field, we see more and more 
applications for digital computers, as well as a 
trend toward their replacing many of today’s 
analog computers. Consequently, fire control 
technicians will find a collection of electronic 
systems which use digital equipment as integral 
parts of the overall weapon control system. In 
order to understand the operation of the total 
system in general, and the computer portion in 
particular, it is necessary to have a basic under¬ 
standing of computer functions, circuitry, termi¬ 
nology, and applications. Basic Electronics , 
NavPers 10087-C, Digital Computer Basics, Nav- 
Pers 10088A, and Mathematics , Vol. 3, NavPers 
10073-A, present a basic coverage of the purpose, 
operation, and theory of computers, together 
with terminology peculiar to them. Review and 
study of these will aid in understanding this 
chapter. 


INTRODUCTION TO 
DIGITAL COMPUTERS 

A computer is any device capable of ac¬ 
cepting information, applying mathematical 
operations to that information, and obtaining 
results of these operations. Therefore, a 
computer must have an input, processing, and 
output section. 

Before any problem can be solved by a com¬ 
puter, the quantities involved must be expressed 
in terms of common units; that is, digital com¬ 
putation is the process in which digits alone 
are used to solve the problem. 

Basically, the purpose of a digital computer 
is the same as that of any other computational 
aid. However, it is more accurate within prac¬ 
tical limits of speed. Computers can perform 


thousands of repetitive computations involvin) 
hundreds of thousands of digits without m ak i n g 
an error. Further, they can store millions o 
items of information for future use. 

Digital computers also have limitations ii 
that a continuous variable cannot be processed 
Simple and explicit instructions (progr ammin g 
must be provided for each operation that is t 
be performed. Instructions as to where infor¬ 
mation is stored, how to use it, what to do witi 
it, and what step is required next are some¬ 
times more complicated than the problems fo: 
which the computer is used to solve. Approxi¬ 
mations and rounding off are also problemi 
encountered with computers. 

A digital computer performs its calculation; 
by counting and comparing. With this simpli 
capability, it can add, subtract, multiply, divide 
and make logical decisions. Therefore, toperforn 
computations with a digital computer, all tha' 
is needed is a method which will enable th 
machine to count, compare, and transfer i 
digit from one place to another. To understaw 
the operation of computer devices, it is neces¬ 
sary to learn the language of the computer 


NUMBERING SYSTEMS 

While there are many different numberinj 
systems, this discussion will deal with three 
the base ten (decimal), base two (binary) aw 
base eight (octal) systems. The binary systen 
will be compared with the decimal system be¬ 
cause all computers utilize the binary system. 
Following this comparison, we will examine the 
octal system in relation to the decimal and binar] 
systems. The bistable nature of simple elec¬ 
tronic components (such as switches, open aw 
closed, and tubes and transistors — conducting oi 
cutoff) makes the binary numbering system i 
convenient tool. 

In the decimal system ten digits are usw 
(0 through 9), and in the binary system tw< 
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digits are used (0 and 1). The symbols or digits moving to the left, are indicated by the base (10) 

used are repeated as many times as desired raised to one greater power. The second place 

or needed. Both systems also use the place value column is, then, 10 1 , the third is 10 2 , etc. 

value of positional notation concept. This means 

that a numeral has a specific value of its The number 378924, then, is 3(100000) + 
position. 7(10000) + 8(1000) + 9(100) + 2(10) + 4(1), 


POSITIONAL NOTATION 

An example of place value is shown in the 
two numbers 230 and 203. The 3 has a dif¬ 
ferent value in each number by virtue of its 
position. 

In this example, when the number 230 is 
expressed as two hundred thirty, some assump¬ 
tions are made which must be understood in 
■order to compare the decimal and binary systems. 

The first assumption the reader makes upon 
looking at the number 230 is that the number 
is a decimal number. When no base symbol 
is given, the decimal system is assumed. If 
the number had been a base four number, it 
would have been written as 230(4) with the 4 
indicating the base of the numbering system. 
Some examples and their numbering base symbols 
are as follows: 


The place value columns for binary (base 
two) system follow the same pattern as the base 
ten system except the base two is used. For 
example, the number 10110(2) is indicated in 
the place value chart for base two as follows: 


Place value 

2 4 2 3 2 2 2 1 2° 

16 8 4 2 1 

Number 

10 110 


The number 10110(2), then, is 1(16) + 0(8) + 
1(4) + 1(2) + 0(1) = 22 (10) 

Notice that place value in base two has a 
different value than the same place in base ten. 


COUNTING IN BASE 
TWO AND BASE TEN 


Number Base 

398 ten (decimal) 

342(5) five (quinary) 

101 ( 2 ) two (binary) 

When a number is written in base ten, no 
base indicator is given. If the number is written 
in a base other than ten, the base indicator 
is used. 

Another assumption made is that the number 
230 is two hundred thirty; that is, the digit 2 
indicates hundreds, the digit 3 indicates tens, 
and the digit 0 indicates units. In base ten this 
is true. The digits have specific values accord¬ 
ing to their position. Place value or positional 
notation for the number 378924 in the decimal 
system is as follows:_ 


Place 

value 


10 5 

10 4 

10 3 

10 2 

10 1 

o 

© 

rH 

100000 

10000 

1000 

100 

10 

1 

Numbe 

L 

3 

7 

8 

9 

2 

4 


Notice that the place value column on the 
right is 10^ or 1. The increasing place values, 


In base ten, when counting from 0, the num¬ 
bers are 0, 1, 2, 3, 4, 5, 6, 7, 8, 9. The next 
number to be counted is ten, but there is no 
single symbol in base ten to indicate the next 
number. Therefore, a combination of symbols 
is used by repeating the 0 and indicating a 1 in 
the tens column. This means one group of tens 
and no groups of units. 

When counting in base two, there are only 
two digits or symbols, 1 and 0. The same 
mechanical process is used in base two that 
was used in base ten. Starting with 0, in base 
two, the count is 0, 1. 


There are no other symbols to indicate the 
next number so a 1 is written in the next place 
value column to the left and a 0 is written in 
the first place value column; that is, 0, 1, 10^)* 

This last number, then, indicates one group 
of two and no groups of units. The next number 
is H(2), which means one group of twos and one 
group of units. A number such as 1101(2) would 
indicate one group of eights, one group of fours, 
no group of twos, and one group of units, and 
in this case is the same as decimal number 13. 
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Counting comparisons between the decimal 
and binary systems are made as follows: 

Decimal Binary 


0 

0 

1 

1 

2 

10 

3 

11 

4 

100 

5 

101 

6 

110 

7 

111 

8 

1000 

9 

1001 

10 

1010 

11 

1011 

12 

1100 

13 

1101 

14 

1110 

15 

1111 

16 

10000 

17 

10001 


Notice that when counting objects, the deci¬ 
mal 17 and binary 10001 refer to the same ob¬ 
ject; therefore, decimal 17 must be equivalent 
to binary 10001. 

CONVERSIONS 

If the binary number 101 is to be converted 
to a decimal number, the binary number is 
written in expanded notation; that is 

101 (2) = 1(4) + 0(2) + 1(1) 

and the indicated multiplication, by terms, is 
carried out and yields 

4 + 0 +1 = 5 

The 5 is a base ten number; that is, if objects 
were counted in a row and stopped with the 
decimal 5 and then the same objects were 
counted again in binary, the same object would 
be indicated with one-zero-one (lOl^)* 

Example: Convert 11101^ to base ten. 

Solution: Write 11101^2) in expanded nota¬ 
tion as 

1(16) + 1(8) + 1(4) + 0(2) + 1(1) 

and carry out the multiplication to obtain 
16 + 8+ 4+ 0+ ! = 29 


To convert the decimal number 26 to binary^ 
first intuitively determine the largest place 
value column contained in the number; that is, 
in the place value chart 


25 

24 

2 3 

2 2 

2 1 

2° 

32 

16 

8 

4 

2 

1 


there is one group of 16 or 2 4 in 26. Also, 
there must be five digits in the representation 
of 26 in binary because the place value column 
for 2 4 is the fifth place value column from the 
right. This is indicated by drawing lines for 
each digit as follows: 


There 

write 



Sixteen is indicated, leaving 26 - 16 to be 
accounted for, or ten. There is one group of 
23 in ten so write 


2 4 

23 

2 2 

2 1 

2 ° 

_1 

_1 

- 

- 

- 


After accounting for one group of 16 and one 
group of 8, 2 is left. There are no groups of 2 2 
in 2 so write 


2 4 

2 3 

2 2 

2 1 

2 ° 

_1 


_0 

- 

- 


and then find there is one group of 2* in 2 and 
write 


2 4 

2 2 

2 2 

2 1 

2° 

1 

1 

0 

1 

_ 




— 



leaving 0. Finally there is no group of 2° in 0 
so write 


2 4 

23 

2 2 

2 1 

2° 

_1 


0_ 

_1_ 

_0_ 
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lierefore, 26 in decimal is equal to 11010 in 
linary. 

This type conversion becomes complicated in 
iealing with large numbers. There is a tech- 
ique which enables us to convert from decimal 
0 binary quite simply by continual division of 
he decimal number by the base of the binary 
lystem, indicating the remainder after each 
livision operation until the quotient is zero, 
'his is shown in the following: 

Convert 26 decimal to binary — 


2126 

13 

remainder is 0 

2l 13 

6 

remainder is 1 

21 6 

3 

remainder is 0 

21 3 

1 

remainder is 1 

2L_L 

0 

remainder is 1 


The remainders are read from the bottom to 
the top to obtain the binary equivalent of the 
decimal number; that is, 

26 = 11010^2) 

The division process may be combined as 
follows: 

Convert 38 to binary — 

2 | 38 

2 | 19 0 

2 | 9 1 

2 1 4 1 

21 _ 2 _ 0 


BINARY ARITHMETIC 

Familiarity with the basic arithmetic opera¬ 
tions in the binary system is needed in order 
to enhance the understanding of computers; there¬ 
fore, a comparison between the decimal and 
binary systems will be made. 

Addition 

When counting in the decimal system, a limit 
is reached where the next number cannot be 
indicated in a single column; that is, when 
counting from 0 to 9. 

At this point a *‘carry” is made; that is, the 
first digit (0) is repeated, and a 1 is indicated in 
the tens column. This means one group of tens 
and no groups of units, and is indicated by 10. 

The ADDITION facts of the DECIMAL system 
are shown in the truth table below: 


+ 

0 

1 

2 

3 

• •• 

0 

0 

1 

2 

3 

... 

1 

1 

2 

3 

4 

• •• 

2 

2 

3 

4 

5 

• •• 

3 

• 

• 

• 

• 



For example: 


+ 

0 

1 

2 

3 

0 






1 






2 




5 




3 






means 

2+3 = 5 

Binary addition is similar to decimal addi¬ 
tion, except in binary only two digits, 0 and 1, 
are available. The mechanical procedure is 
the same. 

The ADDITION facts of the BINARY system 
are as follows: 


2 1 1 0 
0 1 


( 2 )' 


+ 

0 

1 

0 

0 

1 

1 

1 

10 


and the binary equivalent of 38 is 100110 ( 
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That is, 



0 



o- 

► o j 



means 


0+0 = 0 


This means that 


0 + 0=0 
0 + 1=1 
1+0 = 1 
1 +1 =10 


■w 

o* 


When adding numbers in base ten, the fol¬ 
lowing mechanical procedure is followed: 

Add 172 and 32 


and 


+ 


i 

i 

0 

- 

-f— 

i 





172 
+ 32 


104 partial sum 
+ 100 carry overs 

204 final sum 


U 


means 


0 + 1=1 


When adding two binary numbers, the proc¬ 
ess is 


or 


1+0 = 1 


and 


+ 

0 





i 

1 



means 


1+0 = 1 


or 


0 + 1=1 


and 


+ 


1 




1 


10 


means 


1 + 1 = 10 


0101 

+0111 

0010 partial sum 
+1010 carry overs 


1000 partial sum 
+0100 carry overs 


1100 final sum 


The previous addition may be stated as 
follows: 

Starting from the right column, one plus one 
equals 0 and 1 carry. The carry plus zero plus 
one equals zero and one carry. The carry plus 
one plus one equals one and one carry. The 
carry plus zero plus zero equals one. 


Computer Addition 


The computer technique of addition utilizes the 
process of half add, carry, and final sum. Half 
add means to add two digits and neglect the carry. 
The carry is written shifted left (which is 
explained later in the arithmetic circuits of this 
chapter) below the half add sum and then added 
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o this half add sum. An example in decimal is as 
ollows; 

Ldd 3562 and 2149 

3562 
♦ 2149 


Subtraction 


Both the direct and complement methods of 
subtraction are discussed. The methods are 
compared in the decimal and binary systems. 


5601 half add 
♦ 0110 carry overs 

5711 final sum 


DIRECT SUBTRACTION. — In the decimal sys¬ 
tem, when subtractions are made, the terms to 
be subtracted are named as follows: 


f other CARRYOVERS are required, they are 
landled as follows: 

idd 4965 and 5247 

4965 
+ 5247 

9102 half add 
+ 1110 carry overs 


0212 

+ 10000 carry overs 
10212 final sum 


7 minuend 

- 2 subtrahend 

5 difference 

In cases where the subtrahend, in a particu¬ 
lar column, is greater than the minuend, a bor¬ 
row must be made; that is, a digit must be 
moved from a higher place value column to a 
lower place value column. An example is 

76 

- 39 


The computer technique is used in binary as 
It is used in decimal. 

Example: Add the binary numbers 11101 

and 1101. 


Solution: 


11101 
+ 1101 


10000 

half add 

♦ 11010 

carry overs 

01010 

half add 

♦ 100000 

carry overs 

101010 

final sum 


where 9 is to be subtracted from 6. 

In this case one group of tens must be bor¬ 
rowed from the 7 group of tens. This is shown 
hy 

76 
- 39 


is 10 

6 6 

- 3 9 


Example: Add the binary numbers 1101 and 

110 . 

Solution: 1101 

+ 110 


1011 half add 
+ 1000 carry over 


0011 half add 
+ 10000 carry over 


10011 final sum 


and 9 from 16 is 7. Therefore, 

6 16 

- 3 9 


37 

This concept may be applied to as many 
columns as necessary. For example, in the 
problem 


9326 
- 7438 
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4 . 


one group of tens is borrowed from the two 
groups to give 

10 

931 6 

- 743 8 


8 


10 (which must be read as “one-zero/* and 
as "ten") in base two, really 2 in de 
and 1 from 2 is 1. Therefore, 


tnd i*g| 
cinu* 


10 

0 

1 


then one group of hundreds is borrowed from 
the three groups to give 

10 10 
92 1 6 

- 74 3 8 


1 < 

When no 1 is available in the next hi 
place value column, a higher place value 
umn must be used. This is shown in the fol¬ 
lowing example of binary subtraction: 



8 8 

The next step is 

10 10 10 

8 2 16 

- 7 4 3 8 

8 8 8 


100 

1 

A borrow from the 2^ column is made, giving 
10 in the 2 1 column. 


10 

0 0 0 
1 


and finally 

10 10 10 
8 2 16 

-7 4 3 8 


18 8 8 

The subtraction problem difference may be veri¬ 
fied by adding the difference to the subtrahend 
to give the minuend. This shown by 

1888 
+ 7438 


9326 


Then, a borrow of 1 is made from the 10 in the 
2 1 column, leaving 1 in this column and givingt 
a 10 in the 2° column, and 10 minus 1 is 1, 


10 

0 10 
1 


Therefore, 

10 

0 10 minuend 

- 1 subtrahend 


0 11 difference 


Binary subtraction problems are solved in Verification of this difference is made by addK 
the same manner as decimal subtraction prob- ing the subtrahend to the difference to yield the 
lems except base two is used. One fact may minuend, 
cause problems; that is, when 1 is subtracted 

from 0, the difference is 1 if a borrow of 1 is Oil 

made. An example of this is the following: + 1 


10 

1 


A borrow of 1 is made, to give 
10 

0 0 
1 


100 


SUBTRACTION BY COMPLEMENTS (BASE 
TEN). —Digital computers are generally unable 
to perform subtraction in the manner previously 
discussed because the process of borrowing in-^ 
volves operations which are impractical to in- , 
corporate into a machine. The process which 
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olves complements is used in digital com- 
sers. Complement means the number or quan- 
i required to fill or complete something, 
e complement of a number is therefore, 
other number which completes the original 
mber with respect to a known reference. 

For example, the nine’s complement of a 
imber is that number that when added to the 
iginal number will yield all nines in the 
ice value columns used. An example of this 
as follows. 

What is the nine’s complement of 32? 

What number, when added to 32, will pro¬ 
duce 99 ? 

tuitively, it can be seen that the number is 

99 - 32 
r 

67 

one is now added to the nine’s complement, 
»e ten’s complement results; that is, 

67 + 1 = 68 

nd 68 is the ten’s complement of 32. Notice 
Hat if 68 is added to 32, the sum is 100. There- 
are, the ten’s complement of a number is 
efined as that number which, when added to the 
'riginal number, yields a 1 in the next higher 
ilace value column and zeros in all other col¬ 
umns. The ten’s complement of 78 is 

100 - 78 = 22 

Notice that the ten’s complement is in reference 
o a power of ten one place value higher than 
highest place value of the original number. 


Number 

Ten’s complement 

Reference 

7 

3 

10 1 

21 

79 

10 2 

309 

691 

10 3 


Rather than subtract the subtrahend from 
the minuend, the ten’s complement of the sub¬ 
trahend (found with reference to the power of 
ten one place value higher than either the sub¬ 
trahend or minuend) may be added to the min- 
uend and then decrease this sum by the 


reference power of ten used to obtain the dif¬ 
ference. A step-by-step process is shown to 
explain the preceding statement. 

Example: Subtract 26 from 49 

Solution: Write 

49 

- 26 

then find the ten’s complement of 26 which is 
100 - 26 = 74 

This may be rearranged as follows: 

100 - 74 = 26 
Now, instead of writing 

49 - 26 

write 

49 - (100 - 74) 

= 49 - 100 + 74 
= 49 + 74 - 100 
= 23 

This indicates that the minuend (49) plus the 
ten’s complement of 26 (74) are added, then the 
reference power of ten used (100) is subtracted 
to give the difference which is 23. Notice that 

49 -26 

= 49 + 74 - 100 
= 123 - 100 
= 23 

the digit (1) found in the place value column 
higher than the highest place value column of 
the subtrahend had only to be dropped. Always, 
this digit (1) which is developed indicates the 
difference (23) is a positive value. 
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then 

429 minuend 

+ 964 tens complement of 
subtrahend 

“1 

1 j 393 

=_ +j 39 3 remainder 

The process of subtracting a larger number 
from a smaller number, using the ten’s comple¬ 
ment, is slightly different from the example 
previously shown. Instead of a 1 in the higher 
place value column, a zero will be present. 
The complement of the apparent remainder will 
indicate the actual negative remainder. 

Example: Subtract 362 from 127 


Number One’s complement Two’s complema 

01 10 11 

111 000 001 

1110 0001 0010 

Notice that the number 01 plus its two’s con 
plement 11 equals 100 which is a 1 in the ntt 
higher place value column followed by zero 

The two’s complement may also be detei 
mined by inverting every digit after the fir 
one (1); that is, starting with the smallest pla< 
value and moving toward the largest place vail 
(right to left). This method is normally lei 
time consuming than determining the one’s con 
plement and then adding one to form the two : 
complement. For example: the two’s complc 
ment of 


Solution: Write 


127 minuend 
- 362 subtrahend 

then 

127 minuend 

+ 638 ten’s complement of 
_ subtrahend 


is 


001101011 I 10 

I 

invert all J 

110010100 j 10 


The first one (fra 
right to left) doc 
not invert. 


This indicates that the same procedure use 
for decimal numbers may be used for binar 
numbers to perform subtraction by the additio 
of the complement. 


01 765 apparent remainder 
-1 

= -I 235 ten’s complement of 
- 1 apparent remainder 


Example: Subtract the binary number OHO 
from the binary number 11001. 


Solution: Write 


which is 


- 235 actual negative remainder 


11001 minuend 
- 01101 subtrahend 


SUBTRACTION BY COMPLEMENTS (BASE 
TWO). —Digital computers use the complemen¬ 
tary addition technique for subtraction, which 
has been discussed in decimal notation; and 
they also use the base two system. The proc¬ 
ess for base two is similar to that for base ten. 

The one’s complement of a binary number is 
that number with all 1 digits changed to 0’s and 
all 0 digits changed to l’s. This process is 
termed inversion. Therefore, the ones com¬ 
plement of 10110 is 01001, The two’s comple¬ 
ment of a binary number is its one’s complement 
plus 1; that is, 


then 

11001 minuend 

+ 10011 two’s complement of th 
subtrahend 

i- 

11 01100 difference 
-1 

=j+ 01100 positive difference 

Notice that the same number of place value col 
umns must be used in both the subtrahend an 
minuend. 
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Example: In binary, subtract 1110 from 1111, 
Jlution: Write 

1111 minuend 

- 1110 subtrahend 

ten 

1111 minuend 

+ 0010 two’s complement of the 
_ 1 _ subtrahend 

1 1 0001 difference 
—i 

= +10001 positive difference 

is in the decimal system, if a one is developed, 
t indicates plus. If a zero is present, it indi- 
iates a negative apparent answer and the com- 
ilement of the apparent answer is used, 
ire ceded by a minus sign. 

Example: In binary, subtract 1011 from 1001, 
Solution: Write 

1001 minuend 

- 1011 subtrahend 

hen 

1001 minuend 

+ 0101 two’s complement of the 
_ subtrahend 

i 

Oj 1110 apparent difference 
-1 

-l 0010 two’s complement of the 
f apparent difference 

— i 

-j 0010 negative difference 

Multiplication 

The direct method of multiplication of deci¬ 
mal numbers is shown in the following example. 

Example: Multiply 32 x 25 

Solution: Write 

25 = 20 + 5 
then 


Using the distributive principle 

32 (20 + 5) 

= 32 (20) + 32 (5) 

= 640 +160 
= 800 

The same problem written as 

32 
x 25 

gives 

32 x 5 

= 160 partial product 

and 

32 x 20 

= 640 partial product 

then 

160 + 640 
= 800 product 

The technique generally used is 
32 

x 25 

160 

64 

800 

Notice that the 64 really represents 640, but the 
zero is omitted. 

Direct binary multiplication uses the same 
technique as direct decimal multiplication. 

Example: Multiply the following binary 
numbers. 

110 and 1101 

Solution: Write 

1101 
x 110 

0000 

1101 

1101 


32 (20 + 5) 


1001110 
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This may be verified by changing the factors 
to decimal, multiplying and obtaining the deci¬ 
mal product, then changing the decimal product 
back to binary. 

Repetitive Addition 

The idea that multiplication is repetitive 
addition is of beneficial use when working with 
computers. When multiplication is to be accom¬ 
plished with a computer, the process of repeated 
addition is used. 

If two numbers are to be multiplied together, 
write the following: 

Multiply 

231 by 45 

Write 

231 (40 + 5) 

then 

(231 x 40) + (231 x 5) 

Multiplying each term gives the following: 


231 

231 

x 40 

and x 5 

9240 

1155 


Notice that 231 could have been added forty 
times to satisfy one half of the above prob¬ 
lem and 231 could have been added five times 
to satisfy the other half. 



9240 


Rather than write 231 forty times, 2310 ccq 
have been written four times; that is, 


i 


231 x 40 * 

= 231 x 4 x 10 j 

= 231 x 10 x 4 * 

= 2310 x 4 1 

i 

= 2310 
2310 
2310 
+ 2310 

9240 

9240 +1155 =10395 

When the repetitive addition type of mult 
plication is used in a computer, it appea: 
as follows. Two registers are used; the a 
cumulator and the multiplier. The accumulat 
maintains a constant subtotal, and the multiple 
keeps account of the addition to be perform 

The problem is to multiply 231 by 45. 


Accumulator 

Multiplier 

000000 

45*^ 

+ 000231 


000231 

44 

+ 000231 



\ These operations 

000462 

43 V represent the 

+ 000231 

five ones 

000693 

42 

+ 000231 


000924 

41 J 

+ 000231 


001155 

40^ 

+ 002310 


003465 

30 

+ 002310 



These operations 

005775 

20 V represent the 

+ 002310 

f four tens 

008085 

10 

+ 002310 


0010395 

oo y 
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Notice that the multiplier indicates the num- 
ir of times the number 231 is added and the 
jcumulator maintains the subtotal. When the 
ultiplier indicates 40, the 231 is changed to 
310 and the multiplier then would indicate ad¬ 
don of the 2310 four times. The overall effect 
i to move the zero in the 40 to the 231. 

The binary system follows the previous tech- 
iques as shown in the following example. 

Multiply 1011 by 1101. 


Accumulator 

Multiplier 

00000000 

1101 

+ 00001011 

00001011 

1100 

+ 00101100 

00110111 

1000 

* 01011000 

10001111 

0000 


>i vision 


Direct binary division follows the same 
procedure. 

Example: Divide 1110 by 111. 

Solution: Write 

111/im 

There is one 111 in 111 so write 1 above the 
right hand one in 111 as follows: 

1 

lii/imr 

Multiply 111 by 1 and write the product under 
the 111, and subtract, and bring down the last 
zero. 

1 

111/IITo 

111 


0000 


The direct method of division of decimal 
umbers is shown in the following example: 

Example: Divide 30 (dividend) by 5 (divisor). 

Solution: Write 

5/30 

Five is not contained in 3 but is contained in 
30. How many 5’s are contained in 30? The 
mswer is 6, so write 6 above the zero 

6 (quotient) 

sm 

Multiply the 6 and 5 together and find the prod¬ 
uct which is 30. Write 30 under the 30 and 
subtract. 

6 

5/30 

30 

0 


There are no Ill’s in 0000; therefore, write 
zero after the 1 in the answer and find 10 is the 
answer. 

10 

lll/lTTO 

111 


0 

0 

Example: Divide 10010 by 110, all in binary. 
Solution: Write 

1 

110/10010 

Multiply quotient and divisor and subtract from 
dividend 

1 

110/10010 

110 


There are no 5’s in zero; therefore, the answer 
is 6. 
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-I 

1 


Bring down last zero. 

1 

110/10010 

110 


110 

Find 110 goes into 110 one time and write 

11 

110/10010 

110 


110 

Multiply quotient and last dividend digit and 
find 

11 

110/10010 

110 


110 

110 


000 

and the answer is 11. 

Repetitive Subtraction 

In multiplication repeated addition is used; 
in division, repeated subtraction is used. 

If one number (the dividend) is to be divided 
by another number (the divisor), write the fol¬ 
lowing: 

Divide 126 by 6 
Write 

126 

- 6 


Subtracting 6 from 126 twenty-one times regtfl 
ters a zero remainder. A computer does fl 
same thing except it utilizes power of t^ 
Use is still made of the accumulator and register 
as in repetitive addition but the technique i 
reversed. 

Example: Divide 40320 by 126. 



Quotient 


Accumulator 

register 


40320 


(a) Put the dividend it 



the accumulator 


0000 

(b) Set the registerti 



zero. 

- 12600 


(c) Put the divisor ii 



the largest powei 


of ten thatisequa 
to or less than the 
value of the divi* 
dend that is in th 
accumulator. 



+ 0100 

(d) Put the power o 



ten into the regis* 



ter. 

27720 


(e) Subtract. < 


+ 0100 

(f) Add the sums 



the quotient regisd 



ter. | 

- 12600 

+ 0100 

(g) Repeat steps (c)j 



(d), (e), and (f) aj 

15120 

0200 

shown. i 

- 12600 

+ 0100 

i 

2520 

0300 


- 1260 

+ 0010 


1260 

0310 


- 1260 

+ 0010 

i 

0000 

0320 

Answer 


Example: Divide 126 by 6. 


Accumulator 


120 

- 6 


126 

-60 


114 
- 6 


066 
- 60 


108 

- 6 


006 

- 6 


000 


Quotient register 


000 
+ 010 


010 
+ 010 


020 
+ 001 
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rhe same procedure applies to binary divi- 
except the highest power of 2 (in binary) is 

1 . 

Sxample: Divide 100111 by 11, 


Accumulator 

Quotient register 

100111 
- 11000 

00000 
+ 01000 

Add 2 3 to quotient 
register. 



1111 
- 1100 

01000 
+ 00100 

Add 2 2 to quotient 
register. 



11 

- 11 

01100 
+ 00001 

Add 2° to quotient 
register. 



0 

01101 

Answer. 


CODING 



Decimal Binary - coded 

digit decimal digit 


0 

1 

2 

3 

4 

5 

6 

7 

8 
9 


0 0 0 0 
0 0 0 1 
0 0 10 
0 0 11 
0 10 0 
0 10 1 
0 110 
0 111 
10 0 0 
10 0 1 


To write ten in B, C. D„ the use of two groups 
is required; that is, 


Decimal 

B.C.D. 


/ 

0001 


0000 


Any two-digit decimal number requires two 
groups of B. C, D.,etc. 


As stated previously, electronic circuit ele- 
nts of computers are inherently binary; that 
they will have two stable states. Therefore, 
base ten numbering system cannot be used 
iciently in computers. While people commu- 
ate and calculate using letters of the alphabet 
1 numbers of the decimal system, digital 
nputers communicate and calculate using 
aups of binary symbols called codes. 

Coding is the means by which data in one 
rm is represented in another form which is 
'ceptable to the computer. A form of coding 
used in the Morse code in which letters are 
presented by dots and dashes. This makes 
3 alphabet acceptable to transmission by radio. 
Of the many coding systems, three of the 
ost common ones are discussed. Memorization 
these codes is not necessary, but understand- 
g of the reasons for the codes is desirable. 

NARY CODED 
ECIMAL (B.C.D.) 

This code makes use of groups of binary bits 
toary symbols) to represent a decimal digit, 
the decimal system there are only ten digits; 
e ref ore, only ten groups of binary bits must 
* remembered, EACH DECIMAL DIGIT IS 
^PRESENTED BY A GROUP OF FOUR BI- 
ARY BITS. The ten groups to remember are 
s follows: 


Decimal 7 3 8. 

/ / ' 

/ » \ 

B.C.D. 0111 0011 1000 

The separation of the B.C.D. groups is 
shown for ease of reading and does not neces¬ 
sarily need to be written as shown; 738 could 
be written as 011100111000, One advantage of 
the B.C.D. over true binary is ease of deter¬ 
mining the decimal value. This is shown as 
follows: 

B.C.D. 0111 ! 0011 ! 1000 

! i 

= decimal 7 i 3 • 8 

738 in true binary is 1011100010 

and, true binary 1011100010 

= decimal 1(2 9 ) + 0(2 8 ) + 1(2 7 ) + 1(2 6 ) 

+ 1(2 5 ) + 0(2 4 ) + 0(2 3 ) + 0(2 2 ) 

+ 1(2 1 ) + 0(2°) 

= 512 + 128 + 64 + 32 + 2 = 738 

The ease of converting from decimal to 
B.C.D, and from B.C.D. back to decimal should 
be apparent. 
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One serious disadvantage of the B. C.D. is 
that this code cannot provide a decimal carry. 
The following examples show this. 

Example: Add the following: 


Decimal 


B.C.D. 

5 

= 

0101 

+ 3 

= 

0011 

8 

— 

1000 


Notice that there is no carry in the deci¬ 
mal addition and the answer in B. C. D. is equal 
to the answer in decimal. The B.C.D. is in 
corrrect notation and does exist. 

Example: Add the following: 


Decimal 


B.C.D, 

8 


1000 

+ 5 

= 

0101 

13 

= 

1101 


Notice that the B.C.D. answer is correct in 
true binary, but 1101^>) does not exist inB.C.D. 
the correct B.C.D. answer for 13 should be 
0001 0011. Therefore, when a carry is made 
in decimal, the B.C.D. cannot indicate the cor¬ 
rect answer in B.C.D. form. 


Excess Three Code 


Decimal 

B.C.D. 

Excess three 

0 

0000 

0011 

1 

0001 

0100 

2 

0010 

0101 

3 

0011 

0110 

4 

0100 

0111 

5 

0101 

1000 

6 

0110 

1001 

7 

0111 

1010 

8 

1000 

1011 

9 

1001 

1100 


As previously stated, the excess three codf 
will provide the capability to carry in binafy 
The following is for explanation. 




Example: Add 6 


^ 10 ) and 3^ 10 jin excess three 


Solution: Write 

Excess three with 

Decimal three groups possible 


6 = 0011 0011 1001 

+ 3 = 0011 0011 0110 

T 

Notice that in group one the six and thre< 
are indicated. In groups two and three a zen 
(0011) in excess three is indicated. 


Add as follows 


The excess three code is used to eliminate 
the inability of the binary carry. It is really a 
modification of the B.C.D. so that a carry can 
be made. 


0011 

0011 

1001 

(Excess three) 

0011 

0011 

0110 

(Excess three) 

0110 

0110 

1111 

(Excess six) 


To change a B.C.D. number to excess three, 
add three to the B. C. D. 


B.C.D. 


1000 
+ 0011 


Excess three 1011 


In excess three code 1011 is 8 in decimal. The 
following chart shows the decimal, B.C.D., and 
the excess three code. 


But our answer is in excess six. Therefore 
three must be subtracted from each group ii 
order to return our answer to excess three, 


0110 0110 1111 
- 0011 - 0011 - 0011 


0011 


0011 


1100 

/ 


(Excess three) 


Answer in decimal 
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When a carry is developed in any group, the 
following procedure is used. 

Example: Add 9(io) and 3 (10) ^ excess three. 

Solution: Write 


Decimal 


Excess three 



9 

0011 

0011 

1100 

(Excess 

3) 

+ 3 

0011 

0011 , 

0110 

(Excess 

3) 

12 

0110 

0111 ^ 

“0010 

(Excess 

6) 


NOTE: Since group one created a carry, as 
Bhown, three must be added instead of sub¬ 
tracted in order to place group one into excess 
three. The other groups follow the previous 
example. 

0110 0111 0010 (Excess six) 

- 0011 - 0011 + 0011 

0011 0100 0^01 (Excess three) 

\ i / 

0 12 

rhe above procedure will hold for any number 
3f group indicators the computer possesses. 

A further advantage of excess three code is 
the ease with which the nine’s complement of a 
number indicated in excess three may be found; 
that is, the nine’s complement of 7, indicated in 
excess three as 1010, is found by inverting 
each digit in 1010 to read 0101. This 0101, in 
excess three, is 2, which is the nine’s comple¬ 
ment of 7. 

The following table shows the nine’s comple¬ 
ment of the decimal digits. 


GRAY CODE 

This code is a modification of the binary 
counting system. In the Gray code sequence 
counting, only one bit will change as each count 
proceeds. When counting in binary from 7(10) 
( 0111 ( 2 )) to 8 ( 10 )( 1000 ( 2 )), notice that four bits 

have to be changed. 

The Gray code is shown for comparison 


Decimal 

Pure 

Gray 

number 

binary 

code 

0 

0000 

0000 

1 

0001 

0001 

2 

0010 

0011 

3 

0011 

0010 

4 

0100 

0110 

5 

0101 

0111 

6 

0110 

0101 

7 

0111 

0100 

8 

1000 

1100 

9 

1001 

1101 

10 

1010 

1111 


In the Gray code when counting from 
7(i 0 )(0100) to 8(io)( 1100 )> notice that only one 
bit changes. 

One of the primary purposes of this code is 
the reduction of operational errors by changing 
only one digit at the time during the process of 
converting mechanical changes into numerical 
expressions. For example, to convert the shaft 
rotation (output of an analog computer) from 
seven to eight degrees would require only a 
change of one bit as previously indicated. 

To convert a binary code to its Gray code 
equivalent, the following addition WITHOUT 
CARRY is used. 

Example: Convert binary 0100 to its Gray 
code equivalent. 


Excess 

Deci- Excess three Nine’s com- 

mal three inverted plement 

0 0011 1100 9 

1 0100 1011 8 

2 0101 1010 7 

3 0110 1001 6 

4 0111 1000 5 

5 1000 0111 4 

6 1001 0110 3 

7 1010 0101 2 

8 1011 0100 1 

9 1100 0011 0 


Solution: Keep the most significant bit as is. 


Binary 

Gray 



1 


0 


0 


Next, add horizontally the most significant 
bit to the next significant bit in the binary num¬ 
ber and carry the sum to the Gray code as 
follows: 


Binary (0 1 ) 0 


Gray 0 (X) _ 


0 
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Notice that the true binary number is sepa- 
ted into groups of three digits from the right 
follows: 

101 001 110 

d by observation, notice that each group rep- 
sents the following: 

101 001 110 

\ : X 

5 1 6 

ich is 516 in octal. 

To convert from binary to octal, it is only 
cessary to divide the binary number into 
[»ups of three and read each group as the oc- 
representation in place value. 

To convert from octal to binary, the reverse 
sration is used; that is, 

? 1 6 ( 8 ) 

1 

1 l / 

101 001 110 

Example: Convert 40 decimal to octal, then 
binary. 

Solution: Write 

8 /40 Remainder 

' 8 /__ 5 _ 0 

5 

erefore, 

40(io) = 50 (8) 

1 then 

50, 

/ \ 

/ ^ 

101 000 

The preceding conversions from binary to 
al and from octal to binary are possible be- 
« 2^ is the same as 8 1 . 

The octal number system affords many con- 
dences. When recording a binary number 
paper, it is usually more convenient to write 
n octal. For example, computer programmers 
l programming manuals use the octal system 


as a convenient notation for binary numbers. 
Also, when converting a large decimal number 
to binary, it is usually more convenient to con¬ 
vert it to octal first and then to binary since 
fewer divisions are required in dividing a deci¬ 
mal number by 8 instead of 2. 

A number in any base that is smaller than 
ten can be converted to a number in base ten 
(decimal) by the following method: Multiply the 
most significant digit (MSD) by the present (old) 
base, add the next MSD to the product of the 
last multiplication and multiply the sum by the 
present (old) base, continuing until the least 
significant digit (LSDy is added. 


Example: Convert 

to decimal 


362 

\ 

3 


( 8 ) 




24 + 6 = 30 
8 


240 + 2 = 242 


BASIC PRINCIPLES 


In contrast to analog devices, digital com¬ 
puters use discrete values to represent the 
digits 1 and 0, and the computations are per¬ 
formed by simple electronic switches and cir¬ 
cuits. A fundamental difference between the two 
types is that the analog computer is continuously 
presenting a solution to the problem, while the 
digital computer performs each computation sep¬ 
arately. In other words, when one of the factors in 
a problem changes, the solution presented by the 
analog computer changes continuously as the 
inputs change. In a digital computer, the entire 
computation must be done again after each incre¬ 
ment of change in the input. 


Most of the computers used in fire control 
are part of control systems where time is a factor 
in the problem., The computer receives informa¬ 
tion from radar and other sources, and makes 
decisions, which are presented at the output 
to control some specific operation, such as 
target/missile intercept point. 

An automatic digital computer generally con¬ 
sists of five major units: input, control, mem¬ 
ory, arithmetic, and output. A simple block 
diagram appears in figure 7-1. 
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12.136 

Figure 7-1. — Fundamental units of a digital 
computer. 


INPUT UNIT 


the proper weapon line by considering tarn 
speed, wind velocity and direction, drift, bi^ 
listies information regarding the particular 
pon, and other factors that have been fed 
it, and then provide a “yes or no” answer^ 
specific questions. The solution to a given prol 
is sent from the arithmetic unit to the me me 
unit where it remains in storage until ne 
for further calculations, or until otherwise rout 
by the control unit. j 

Although logic decisions are usually made jj 
the arithmetic unit, they are also made 
the other major units of the computer. ^ 

i 
i 

4 


MEMORY UNIT 


For a computer to perform a specified series 
of operations, it must be fed both the instruc¬ 
tions and the data to be used in the computations. 
Many different devices are used to properly 
present the information to the computer. Ex¬ 
amples are modified electric typewriters, 
punched card and punched tape readers, magnetic 
tape readers, and manual input devices such 
as pushbuttons or toggle switches. In fire control 
applications the most common input device is 
the analog to digital converter which changes 
the proportional voltage and current analogs 
into the digital form required by the numbering 
system used in digital computers. 

CONTROL AND ARITHMETIC UNITS 

The control unit of a computer ties all 
parts of the computer together, causing them 
to function as an integrated system. Its functions 
are the same as for the control unit of any 
system: it commands complete control over 
every operation the computer performs. 

The arithmetic unit is the calculating unit. 
It contains circuits that are simple in both 
theory and operation. It performs mathematical 
operations — addition, subtraction, multiplication, 
and division — by performing logical operations. 
It must be remembered that all mathematical 
calculations dealing with numbers take some 
form of one or more of these basic operations. 
For instance, squaring a number is merely a 
special form of multiplication; extracting a square 
root involves all four operations in a special 
order. Similarly, an exponential curve is simply 
the result of many instantaneous values computed 
by arithmetic means. 

By comparing data quantities against each 
other, the arithmetic unit is able to make logi¬ 
cal decisions. For example, it can determine 


The memory or storage section of the coni^ 
puter is used to store the information whichfc 
used during the computational process. It stora 
both the program instructions and the dag 
used in the computation. The memory can t* 
used to hold both intermediate and final re< 
suits as the computer goes through the program 
Common memory devices include: magnetic 
cores, magnetic drums, magnetic tapes, ultrai 
sonic delay lines, and flip-flops. 

Figure 7-2 shows a magnetic core memory, 
Each core can be magnetically saturated t$ 
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lither the 1 or the 0 polarity. Therefore, each 
fere can hold just one bit of data at a given time. 
* Regardless of the type of memory employed, 
t is divided into a number of locations, each of 
irhich is identified by an address. When the 
jpntrol unit calls for an instruction from the 
ffogram or a piece of information which is 
|ored in the memory, it acquires the informa- 
fon by using the proper address to establish 
Ke path to the appropriate memory element and 
he data stored there. The normal construc- 
ion of storage devices makes any address 
Accessible. However, the length of time required 
o obtain the information is determined by the 
ype of storage device. This type of accessi- 
dlity is referred to as random or sequential 
iccess. 

The information stored at each address is 
•eferred to as a “word.” Each word is repre- 
tented by a number of pulses or signal voltage 
bvels. The storage can be accomplished on 
fcpe, magnetic devices, or special circuits. A 
frord can represent either a numerical quantity 
)r a computer instruction, but only one word 
)an be stored in any given address. 

The velocity of light is the upper speed 
imit at which a digital computer can pass data 
rom one unit to another. 

In serial form, the individual instructions and 
^formation bits are fed step after step, one bit 
it a time. This is a comparatively slow process, 
out may be accomplished with few and simple 
3ircuits. Parallel input permits a number of 
bits to be fed at the same time, resulting in a 
much faster rate. More complex circuitry is re¬ 
quired for parallel inputs. In a practical com¬ 
puter, instructions and information may be fed 
Into the computer at the rate of 3 million bits 
per second, using the parallel input. Rates as 
high as 50,000 bits per second are common, 
asing serial feed systems. 

OUTPUT UNIT 

After the computer has done the computa¬ 
tions, there must be some method of communi¬ 
cating the results to the operator. The devices 
ised to “read out” the results are similar to 
,those used in the input: punched cards or tape, 
Magnetic tape, and so forth. Specialized output 
levices include audio or video displays and dig¬ 
ital to analog converters. 

Several special facilities are included in 
digital computers. When an operation is to be 
performed in an arithmetic unit, only one word 
*t a time can be transferred from the memory 


unit. To perform an operation with two words, 
the first word must be stored momentarily while 
the second word is being transferred. For this 
function, the arithmetic unit has a special mem¬ 
ory cell called an accumulator. 

The accumulator is one of a class of memory 
devices called registers. A register is simply 
a means of storing temporarily a certain amount 
of information. The methods of storage may be 
the same as those used in the memory, but the 
register can only store one word at a time. Other 
registers are used in the computer, such as 
the instruction register associated with the control 
unit which allows reference to the instruction 
being interpreted during the time control signals 
are being set up. 

BINARY NUMBER SYSTEM 

The language of digital computers is binary, 
which is a convenient means of encoding numbers, 
letters, and characters. The five essential units 
of digital computers “talk” with one another in 
the same electrical language. Data and instruc¬ 
tions are encoded by the presence or absence of 
electrical pulses, as indicated in figure 7-3. 
Here the decimal symbol 3 is encoded in its 
binary form — no pulse, pulse. 

Many of the basic circuits in digital com¬ 
puters are logic circuits which provide “yes or 
no” answers to specific questions. These circuits 
may be gates which are either conducting or cut 
off, with the output at one of two voltage levels. 
Each of these voltage levels or pulses may be con¬ 
sidered as being positive or negative with re¬ 
spect to the other. Normally, the output levels 
are referred to as digital 0’s and digital l’s. 
Insofar as the circuitry is concerned, it is 
possible to use either voltage level to indicate 
either digit. Therefore, it is essential to the 
understanding of basic logic circuits that some 
distinction be made regarding the system of logic 
to be used in any specific application. 


0 I I 

_n_n _= 3 

BINARY DECIMAL 
NOTATION NOTATION 

167.67 

Figure 7-3. —Digital computer language a volt¬ 
age pulse is a binary 1 and no pulse is 
a binary 0. 
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SYMBOLIC LOGIC 

The term POSITIVE LOGIC is used to denote 
circuitry in which a postive level of signal 
voltage is used to activate the gate circuit. 
This is normally extended to include the idea 
that in a positive logic circuit, inputs of a 
relatively positive level will produce relatively 
positive output levels. 

NEGATIVE LOGIC circuits operate in the 
same manner as positive logic circuits, except 
that negative inputs are used to activate the 
stage. Although a computer may be designed to 
operate with either positive or negative logic, 
for simplicity of explanation, the basic circuits 
in this chapter will be explained first using 
positive logic. Any circuits described which use 
negative logic will be designated as negative 
logic circuits. 

Computer Symbols 

Many of the basic circuits used in computers 
are conventional circuits applicable to general 
electronics. Other circuits are peculiar to logic 
applications. In this chapter the explanation of 
each basic circuit will be accompanied by a block 
diagram representation of the circuit, as well as 
a simplified schematic of the circuit. 

Truth Table 

A truth table is a chart used with logic 
circuits to illustrate the states of the input 
and output of a stage under all possible signal 
conditions. It provides a ready reference for 
use in analyzing the operating theory of the 
circuit, and is useful in developing the overall 
signal flow diagram. 

In devising the truth table, it is neces¬ 
sary to know the number of inputs and their 
polarity. All possible states of the input are 
listed in column form, with a separate column 
for each input line. Starting with all zeros, 
count in digital form until all possible inputs 
have been covered. Then note the output for 
each input combination. The truth tables for 
most of the following circuits will serve as 
illustrations. Observe that the inputs and outputs 
are noted as relatively positive or negative 
levels. For a detailed discussion of truth tables, 
see Mathematics , Vol. 3, NavPers 10073-A. 

Logic 

The three basic functions needed for repre¬ 
sentation of expressions are the AND function, 


the OR function, and the NOT function. The mean¬ 
ings of these are discussed in Basic Electronics, 
NavPers 10087-C. 

Electronic circuits which are used in meet* 
anizing the AND, OR, and NOT functions are 
described in the following paragraphs. Closely 
related to these are the inhibitor circuit and the 
EXCLUSIVE OR circuit, which are also discussed. 


LOGIC CIRCUITS 

The basic circuits used in digital computers 
include many of the basic circuits used in other 
types of electronic equipments. These include 
amplifiers, timing signal generators, pulse gen¬ 
erators, wave shaping circuits, gates, and many 
others. These general circuits will not be dis¬ 
cussed in detail in this chapter. Instead, this 
chapter limits its coverage of basic circuits 
to those logic circuits which are used exten¬ 
sively in digital computers. 

These logic circuits are the high speed eleo 
tronic switching circuits that store information 
signals and perform logical operations on these 
signals. The storage circuits are discussed in 
a later section of this chapter. The circuits 
which perform logical operations (discussed in 
the following paragraphs) sense the input con¬ 
ditions and provide an output only if certain 
input conditions exist. They can be classified 
generally as gate circuits, which may employ 
vacuum tubes, diodes, transistors, tunnel diodes, 
semiconductor rectifiers, or magnetic cores. 

By opening some gates and closing others, 
a signal may be routed over a predetermined 
path. The computer, when it reads input data 
and performs its operations, is concerned only 
with the arrangement of pulses of voltage or 
current. This is the method that designers 
have employed to cause the computer to per¬ 
form predetermined operations, and also the 
method by which the computer performs those 
operations. The control unit determines the se¬ 
quence in which the gates are to be operated, 
and it receives its instructions from the input 
data. The input data, in turn, is supplied by 
the programmer. 

It should be recalled, from the review of 
Basic Electronics, NavPers 10087-C, that the 
symbolic operations utilized in digital computers 
are based on the investigations of George Boole, 
and the resulting algebraic system is called 
Boolean algebra. It is similar to the algebra 
with which we are all familiar, but it follows 
different rules. 
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To understand Boolean notation, the techni¬ 
cian must ignore some of the things he has 
learned about the arithmetic use of the dot and 
plus connectives, as their use in logical opera¬ 
tions is different from the arithmetic usage. 
,■ The equations which characterize Boolean 
algebra are given in table 7-1. Notice that 
some of the rules are quite different from those 
of ordinary algebra. Refer to Mathematics, Vol. 3, 
NavPers 10073-A, or Digital Computer Basics, 
NavPers 10088, for additional information on 
Boolean algebra. 

Logic diagrams may be used alone or in 
combinations to represent Boolean functions. 
The three basic diagrams are: 

^ (AND), j (OR), and O (NOT). 

When the NOT function is used alone (an inverter), 
| it is drawn with a triangle attached. 

c£>. Only the circle, O » is used when the 
NOT function is an integral part of an AND or 
OR circuit. When the NOT symbol, o» is placed 
‘ at the input of an AND or OR circuit, only that 


input is negated; but when the NOT symbol is 
placed at the output, the entire function is 
negated. 

AND CIRCUITS 

The AND circuit is similar to a coincidence 
circuit because it requires that all inputs occur 
simultaneously to produce an output. Two versions 
of AND circuits are shown in figure 7-4. 

In figure 7-4A, two PNP transistors are 
connected together at the collectors and emit¬ 
ters to form an emitter-follower type circuit. 
There are two separate input terminals for the 
base signals. Initially both transistors are biased 
to saturation conduction, and nearly all of the 
collector voltage is dropped across Rl. Positive 
signals fed to the base of each transistor will 
cut off the respective transistor, but both tran¬ 
sistors must be cut off in order to produce an 
output. When both are cut off simultaneously, the 
output terminal voltage will go positive. 

The circuit shown in figure 7-4B is a negative 
logic AND circuit. With no signal applied, each 


Table 7-1.—Equations of Boolean algebra 


Law 

Part 1 

Part 2 

1. Identity 

A = A 

A = A 

2. Intersection 

A*1 = A 

A*0 = 0 

3. Union 

A + 1 = 1 

A + 0 = A 

4. Complementary 

AA = 0 

A + A = 1 

5. Idempotent 

AA = A 

A + A = A 

6. Commutative 

AB = BA 

A + B = B + A 

7. Associative 

A(BC) = ABC 

A + (B + C) = A + B + C 

8. Distributive 

A(B + C) = AB + AC 

A + (BC) = (A + B) (A+C) 

9. Absorption 

A(A+ B) = A 

A + (AB) = A 

10. DeMorgan’s Theorem 

(AB) = A + B 

(A + B) = A B 

11. Double Negative 

>11 

ii 

> 


12. Unnamed Laws (2) 

A(A + B) = AB 

A + AB = A + B 

13. Unnamed Law 

A + AB = A + B 

A + AB = A + B 
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transistor is cut off. During operation, all tran¬ 
sistors must be conducting together. If any one 
or more of the transistors remains cut off, 
there is no current path through the series 
connected emitter-collector circuits. If all tran¬ 
sistors are driven into conduction (by negative 
signals applied to the bases), the output at the 
emitter terminal will go negative. 

OR CIRCUITS 

An OR circuit is a logic circuit having 
two or more inputs and producing an output 
if any one or more of the inputs are placed 
in the required signal state. Figure 7-5 shows 
two types of OR circuits. 

Note in the block symbol, four inputs are 
illustrated. This is not necessary — many OR 
circuits are used which have only two inputs. 
In an OR circuit, any practical number of inputs 
may be used. The truth table in this figure also 
illustrates that a two-level gate with 4 inputs 
may have 16 different input signal combinations 
(2 4 ). The waveform drawing does not show all 



12.134(167) 

Figure 7-4. — AND circuits. A. Positive logic 
AND: B. Negative logic AND. 


Figure 7-5. —OR circuits. 

B. Diode. 
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possible input combinations, but enough com- shown. When any one or more of the inputs 

binations are shown to convey the idea that with receives a positive signal, the diode receiving 

any positive input, a positive output will result. that input conducts. A signal is impressed across 

The vacuum tube in the circuit shown in (A) Rl » resulting in a positive waveform at the 

is biased to cutoff when there is no signal ap- output, 

plied. The inputs are each fed through a resistor 
to the grid of the tube. The resistor in the signal ptrptttt^ 

path decreases the interaction between the indi¬ 
vidual input lines. A positive signal applied to 

any one or more of the input leads causes The NOT circuit, also known as an inverter, 

the tube to conduct, and a positive signal appears is nothing more than a normal gate amplifier 

at the cathode. stage that produces an inversion (negation) of 

The positive logic diode OR circuit shown in the input signal and has unity gain. Figure 7-6 
(B) can be examined using the logic table as illustrates two NOT circuits. 
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In the vacuum tube circuit shown in (A), 
the triode is biased beyond cutoff. 

A positive input pulse causes the tube to 
conduct, and the output voltage level changes to 
a relatively negative value. A negative logic 
vacuum tube NOT circuit in the same configu¬ 
ration would be biased for heavy conduction 
when no signal is applied, and negative inputs 
would be used to cut the tube off. The voltage 
divider (R1 and R2) in the grid circuit limits 
the circuit gain to unity. 

In the PNP transistor circuit shown in (B), 
the transistor is biased to cutoff by the divider 
(R2 and R3), making the base positive with 
respect to the emitter. The input signal is 
divided by R1 and R2 to make circuit gain unity. 
Note that the input signal must be negative 
to cause conduction; therefore, this circuit repre¬ 
sents a negative logic NOT CIRCUIT. The same 
truth table is valid for this circuit, but the 
polarity of the input and output waveforms must 
be reversed. 

Note that any circuit which inverts the signal 
and has unity gain falls under the definition of 



A 


a NOT circuit. One common device used in this 
manner is the unity transformer. 

NAND CIRCUITS 

Two NAND (NOT AND) circuits are showd 
in (A) and (B) of figure 7-7. Both of the £6 
circuits combine the AND function and the NOT 
function. 

In (A) the PNP transistors are biased for 
saturation conduction in the absence of signals! 
If positive signals are applied simultaneous^ 
in both bases, both transistors will cut a* 
the AND function. When cutoff occurs for botf 
transistors, the collector voltage (output) goes 
relatively negative. This signal inversion is 
the NOT function. 

In (B) the NPN transistors are also statically 
biased for saturation conduction. When both 
transistors are cut off by coincident negative 
signals, the output voltage from the collector 
is relatively positive. This is a negative logic 
NAND circuit. 

Comparision of these circuits illustrates the 
similarities and the differences between positive 
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INPUT OUTPUT 

TERMINALS TERMINALS 

NAND SYMBOL 


TRUTH TABLE | 

A 

B 

z 

0 

0 

1 

0 

1 

~ 

1 

0 

1 

1 

1 
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Figure 7-7. —NAND circuits: A. Positive NAND: B. Negative NAND. 
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ind negative logic circuits, and the AND, OR, and 
tfOT functions, (1) In transistor logic circuits, 
f the output signal is taken from the emitter, 
here is no inversion of the signal; if the output 
s taken from the collector, the circuit is capable 
jf performing the NOT function. (2) In series 
»nnected transistors, all transistors must con- 
hiot if the output signal is to be the result of 
jonduction. (3) If the transistor is cut off under 
10 -signal conditions, a definite polarity is re- 
piired to cause conduction; if the transistor is 
jonducting, the opposite polarity input is re¬ 
tired in order to cut it off. (4) PNP and NPN 
xansistors react differently to the same con- 
iitions of biasing and signal. 

When studying any specific computer cir- 
juitry to determine its theory of operation, 
hese four factors must be taken into considera¬ 
tion. Refer to the circuit shown in figure 7-7 (A). 

shown, it is a positive logic NAND circuit. 
By moving the output resistor (RjJ to the emitter 
circuit, the NOT function is removed, and the 
circuit becomes a positive logic AND circuit 
identical to (A) in figure 7-4. If the PNP tran¬ 
sistors are biased at cutoff, negative inputs are 
required to produce conduction. However, since 
conduction of either transistor would produce an 
cutput, the circuit becomes an OR circuit (or 
i NOR, depending on the connection of the load 
resistor). 

NOR CIRCUIT 

Figure 7-8 shows a transistor type OR cir¬ 
cuit that also includes the negation function of 
a NOT circuit. A circuit that performs both 
of these logic functions is sometimes called 
a NOR (NOT OR) circuit. 

With no input signals applied, the NPN tran¬ 
sistor is biased to cutoff by the reverse bias 
between emitter and base. A positive input 
pulse causes saturation conduction of the tran¬ 
sistor, producing a negative output pulse at 
the collector. A truth table for this circuit 
Bhows that the output is negative when any of 
the inputs are positive. 

Similar circuits could be arranged for nega¬ 
tive inputs by biasing an NPN transistor to 
saturation, or by biasing a PNP transistor to 
cutoff. 

INHIBITOR CIRCUITS 

The combination of an AND and aNOTcircuit, 
in which the NOT circuit is inserted between 
one input terminal and the AND circuit, is 


INPUT 

TERMINALS 

:=£> 


OUTPUT 

TERMINAL 

-Z 


NOR SYMBOL 



TRUTH TABLE 


A 

B 

z 

0 

0 

1 

0 

1 

0 

1 

0 

0 

1 

1 

0 


167.113 

Figure 7-8. — Transistor NOR. 


called an INHIBITOR circuit. Figure 7-9 (A) 
shows the functional arrangement of the com¬ 
bination; (B) shows the common block diagram 
symbol, where the inhibit signal input to the block 
is shown by a small half-circle. The NOT and 
the AND circuits can take the form of any of 
the circuits previously discussed; the only re¬ 
quirement of the NOT circuit is that it invert 
the signal. This circuit produces an output 
signal under the following conditions only: All 
of the regular inputs are applied, but no input 
signals is applied to the inhibit terminal. 

EXCLUSIVE —OR CIRCUITS 

An EXCLUSIVE —OR circuit is a combination 
of circuits with two input signal terminals, but 
which produces no output when two signal of like 
polarity are applied simultaneously. However, if 
only one input signal is applied, an output signal 
is produced. 

Two combinations of basic circuits that can 
be used to form an EXCLUSIVE—OR circuit 
are shown in (C) and (D) of figure 7-9. For 
the circuit in (C), input signal A wiU pass 
through the OR and INHIBITOR circuits to the 
output if no signal from the AND circuit reaches 
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Figure 7-9.— Inhibitor and exclusively -OR logic circuits. 


167.114 


the inhibitor terminal. But if a signal is ap¬ 
plied to input terminal B. causing the AND 
circuit to operate, a signal will reach the inhi¬ 
bit terminal and prevent any output. 

In (D) two simultaneous input signals will 
prevent an output from both INHIBITOR circuits, 
and therefore from the OR circuit. 

Signals A and B are alike and occur simul¬ 
taneously to produce no-output. 

This type circuit can be used to compare 
two pulse trains, and to produce an alarm 
signal output when the two trains are not identi¬ 
cal. In this manner, two signal trains that are 
supposed to be indentical can be monitored si¬ 
multaneously, and any error can be used to 
activate a warning circuit. 


If the information pulses to be reshaped occur 
at the same time as an available clock pulse, 
a simple AND circuit can be used to reshape 
the pulse. Figure 7-10 (A) shows clock pulses 
and deteriorated pulses applied simultaneously 
to terminals A and B, respectively, of an AND 
circuit. In a properly designed circuit, the output 
is produced only during the time interval ti to 
t 2 - The rounded top of the output pulse can be 
clipped in a succeeding amplifier stage. 

Instances will occur when the deteriorated 
pulses to be reshaped are no longer in time 
synchronization with the clock pulses. In these 
cases, the circuit shown in figure 7-10 (B) can 
be used to reshape the pulses. 


PULSE RESHAPING CIRCUITS 

Although reshaping circuits do not, strictly 
speaking, perform a logic function, they use 
circuits that are classed as logic circuits. 
Their function is the reshaping of pulse trains 
that may have deteriorated in shape and ampli¬ 
tude beyond further usability. As pulse trains 
pass through various circuits of a computer, 
the rise and fall times of the pulses usually in¬ 
crease; the amplitude may decrease; and the 
pulses are delayed in time. 

The clock pulses, which are usually avail¬ 
able at several points in the computer, are used 
with a reshaping circuit to restore the shapes 
of numerical or instructional information pulses 
within the computer. 




AQ.539 

Figure 7-10. —Block diagram of pulse reshaping 
circuits. 
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The deteriorated pulses and clock pulses are 
applied to terminals A and B, respectively. The 
deteriorated pulses pass through the OR circuit 
and, together with the clock pulses, cause an 
output from the AND circuit during the portion 
of the time that they occur simultaneously. 

If there were no regenerative (positive) feed¬ 
back from the amplifier output, the output would 
be representative of only the overlap time of 
the deteriorated and clock pulses. However, 
the positive feedback and the clock pulse keep 
the AND circuit functioning, producing an input 
to the amplifier until the clock pulse ends. This 
produces an output pulse that is identical to the 
clock pulse. Note that this circuit allows a 
pulse that is not in exact time sequence with a 
clock pulse to be reshaped, but there must be 
some overlap in the duration of the two pulses. 


ARITHMETIC CIRCUITS 

An automatic digital computer is a vastly 
complicated machine with a great many elec¬ 
tronic circuits. Although the number of circuits 
is high, the variety is small. That is, it con¬ 
sists of a large number of a few types of gate 
circuits. Many of the types found in the arith¬ 
metic unit were discussed in the preceding 
section as logic circuits. An additional type of 
logic circuit notpreviously discussed, the Eccles- 
Jordon multivibrator, known as a flip-flop (FF), 
is in wide use in the binary counters and the 
registers of the control and arithmetic units. 

Next to be considered is how the FF and 
other logic circuits are combined to form 
counters, registers, and adders; and how they 
perform the temporary storage, addition, sub¬ 
traction, multiplication, and division functions 
of the arithmetic unit. 

FLIP-FLOPS 

The modified Eccles-Jordan multivibrator is 
the circuit used, in conjunction with other cir¬ 
cuits, for counting. It is a two-state oscillator 
that remains in either of its two conditions until 
a pulse is received to flip it to the opposite 
condition. The output, if taken from the plate of 
one tube, will be a positive voltage representing 
a 1 in one condition and a low voltage represent¬ 
ing a 0 in the other condition. Each pulse input 
to the stage will flip it to the opposite condition, 
so two pulses are required at the input to pro¬ 
duce one pulse at the output. 


The simplified flip-flops in figure 7-11 are 
arranged to show the basic arrangement of 
counters. Should you require a refresher on 
the theory of the plate coupled multivibrator, 
refer to Basic Electronics, NavPers 10087-C. 

Counting by flip-flop is possible because of 
the characteristic that requires two pulses in 
to produce one pulse out. In the figure, note 
that the input to the counter chain is on the right 
side of the figure. This arrangement is used 
because the indicator lamps of each stage will 
be read as binary numbers, with the first stage 
lamp indicating a decimal 1, the second stage 
lamp indicating a 2, and subsequent stages indi¬ 
cating, 4, 8, 16, and so forth. If the lamp in the 
second stage is lighted and the lamp in the first 
stage is not lighted, the binary indication is 10, 
or decimal 2. If both lamps are lighted the 
binary number is 11, or decimal 3. Additional 
stages are necessary to count a higher number 
than three, and each of these additional stages 
from the input represents a power of two. 

Note also that the grid of each tube labeled 
V2 has a reset provision with a positive voltage 
that is applied by closing the switch. Before 
any counting is begun, all the V2 tubes in the 
chain are caused to conduct by a momentary 
closing of the reset switch, and all indicator 
lamps register 0. This is the reset condition. 

The grids of both tubes in each stage are 
jumped together so that any negative signal 
applied appears on both grids simultaneously. 
The diodes in the grid inputs prevent a positive 
signal from reaching the grids. They respond 
only to negative pulses. 

Assume that the circuit has been reset so 
that all V2 tubes are conducting. In this state 
the plate voltage is too low to the light the neon 
lamp, and all lamps register 0. The first neg¬ 
ative pulse applied to the inputs of VI and V2 
flips the circuit to the opposite condition; VI 
now conducts, V2 cuts off, and its plate voltage 
rises and lights the lamp to indicate 1. The 
positive rise of voltage is capacitively coupled 
to the second stage, but the diodes prevent the 
positive pulse from having any effect. Reading 
the two indicator lamps after the first pulse has 
been applied produces binary 01, meaning a 
count of one. The second negative pulse that 
arrives causes the first stage to flop back to the 
reset state; VI cuts off; V2 goes into conduction, 
its plate voltage drops, its lamp goes out; and 
the negative pulse is coupled to the second 
stage. This negative pulse flips stage No. 2 
to its opposite state and lights its lamp, indicat¬ 
ing a 2. The lamps now register binary 10, 

e 
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2ND STAGE 1ST STAGE 


B+ B+ 



which is decimal 2. Note that two pulses were 
required at the input to produce one pulse out. 

In late-model computers the flip-flop cir¬ 
cuits use transistors, and a long chain of such 
stages can be built into a small space. Each 
additional stage makes provision for a higher 
counting capability. Each succeeding countdown 
circuit, as the flip-flop is sometimes called, 
“counts” in the same manner, or scales by two. 
Each additional stage also scales by two; a two- 
stage flip-flop as shown in the figure scales by 
four; a three-stage unit will scale by eight; a 
four-stage unit will scale by 16, and so forth. 

The same circuit, with only slight modifica¬ 
tion, could be used to count positive inputs. 

Figure 7-12 (A) shows a transistorized FF 
circuit. Other devices that are capable of two 
states of operation (for example, tunnel diodes 
or magnetic core coils) can also be used in the 
construction of FF’s. A block diagram symbol 
commonly used to represent the FF in comput¬ 
ers is also shown in figure 7-12 (B). 

A reset input signal sets the stage to a 0 
Condition or clears the previous 1 count if one 
was present. If several stages in a counter are 


cascaded, the reset signal is generally con¬ 
nected to all stages; and they are all reset to 
0 simultaneously. 

The complement (trigger) input is applied to 
both halves of the FF, and a signal causes the 
stage to change from a 0 to a 1, or vice versa. 
In registers, the complement signal is generally 
a single pulse that is applied to all stages 
simultaneously. It produces the l’s complement 
of the binary number held by the register. In 
a counter, the complement input of only the 
first stage could be used as the signal input for 
the pulses to be counted. The signal and com¬ 
plement inputs can also be applied symmetri¬ 
cally in the plate or collector circuits. 

In case the stage is in the 0 state, the set 
input signal flips it to the 1 state. In most 
counters, instead of using the complement input, 
the reset and set inputs of the first stage are 
paralleled and used for the input signal. 

The three inputs use negative signals, to 
cause a change of state in the FF. It is some¬ 
times desirable to design the stage for positive 
signals, but a FF stage can be more precisely 
controlled if it is switched from a state of heavy 
conduction than from a cutoff state. Note that 
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Figure 7-12. — (A) FF using transistors; (B) 
FF block diagram symbol. 


each stage counts to a scale of 2, but indicates 
a maximum count of only 1, a 0 would be indi¬ 
cated for a second input pulse. 

TYPES OF INPUT 

Binary words are fed into the logic and 
arithmetic circuits in either of two different 
forms, serial or parallel, or in a combination 
of the two. In serial form the bits follow one 
another sequentially on a single input line. In 
parallel form, all the bits of the word are ap¬ 
plied simultaneously over a number of paths 
equal to. the number of bits in the word. A bit 
is a binary 1 or 0. A binary word is a series of 
bits arranged in a sequence that has meaning to 
a computer. Figure 7-13 illustrates both methods 
of input. 

Each method has advantages and disadvan¬ 
tages. The method used in a particular computer 
depends on whether extremely high speed arith¬ 
metic operations are needed or whether economy 
and machine simplicity are more important. 
A machine with serial operation is much more 


economical. For example, in the case of a counter 
or register, a word representing decimal 15 (1111 
in binary) can be handled by four flip-flops; 
and, as will be shown later, there is no limit 
to the word length a serial adder will handle. 

A parallel counter or register for handling 
binary 1111 also requires four flip-flops, but 
its speed of operation is four times faster than 
the speed of a serial counter or register. However, 
30 flip-flops would be required for a parallel 30- 
bit word. In a parallel adder, a separate adder is 
required for each bit of both the addend (the num¬ 
ber that is to be added to another) and augend 
(the number to which another is to be added). 
However, the addition is completed in the same 
time a serial adder requires to add one-bit 
addend and augends. The complexity of a parallel 
arithmetic unit over a serial unit is multiplied 
by the word length. 

REGISTERS 

A register is a place or device in which in¬ 
formation is held, stored, preserved, or 
remembered. It provides temporary storage of a 
binary word during computation. Registers are 
composed of flip-flops (FFs) and are generally 
found in the control and arithmetic units of 
digital computers. There may be several in a 
large computer; however, a simple arithmetic 
unit may contain only one or two. The number 
depends on the amount and variety of other 
storage facilities that are included. It is also 
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Figure 7-13, — Examples of serial and parallel 
inputs. 
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somewhat dependent upon the speed with which the 
computer operates. A relatively long time is 
required to readout a word from a magnetic drum 
memory; a shorter readout time is possible with 
magnetic core matrix type memory units. Gen¬ 
erally, one or more arithmetic registers can be 
used to advantage in speedup computation. 

Remember that a word is a group of pulses; 
each pulse, or lack of one, represents a bit; 
each bit represents a binary digit of 1 or 0. 
The chain of bits can be almost any length. 
This group of pulses at the input unit can repre¬ 
sent instructions, constants, and/or variables 
for the problem. In the actual arithmetic cir¬ 
cuits, the pulse chains that represent the con¬ 
stants and variables for the problem are present. 
The instruction portion of the word is used 
to program the computer. 

Storage Register 

A storage register stores a word temporarily. 
Storage registers consist of a group of FF’s 
that store the maximum word length expected; 
they operate in the same fashion as counter 
FF’s. Figure 7-14 represents a storage register 
which can handle a four-bit word. The lower 
group of FF’s comprise the register, and the 
upper group forms an associated counter. Between 
the two is a group of AND circuits. (Note that 
the input to the counters is in serial form and 
the input to the register is in parallel form; 
therefore, it also forms a serial to parallel 
converter for the word. The counter is included 
in the set because of this function as a converter.) 



167.123 

Figure 7-14.—A four-bit-register and associ¬ 
ated counter. 


First, the word is applied to the counter. Later 
a read pulse is applied to the AND circuits. If 
the read pulse and the voltage at the 1 output 
of a particular counter FF agree in voltage levels, 
a 1 pulse is transmitted to the corresponding 
register FF. No signal is transmitted to a 
register FF if the 1 output of the corresponding 
counter FF is at a 0 voltage level or, in any case, 
until there is a read pulse applied. 

Each register FF can store a single bit, 
representing a 1 or 0. Note that at the same 
time a 1 is represented by a 1 level of voltage 
at the 1 output terminal, a 0 voltage level is 
represented by the 0 output terminal. The out¬ 
put from the lower FFs (fig. 7-14) might be 
applied to the augend or addend terminals of a 
parallel adder circuit, the other word being 
supplied by similar means. If both the 1 and 0 
leads are connected to other circuits, the con¬ 
dition is known as “double lead transfer” of 
information. 

An extra bit is included in an information 
word to indicate the sign of the binary number. 
A three-bit word such as +110 would be fed 
into the counter or register as 0110, where the 
first 0 would indicate a positive number. A 
negative number would be 1110. Therefore, the 
circuits that handle signed words must have 
an extra FF to handle the sign bit. 

A storage register and serial-to-parallel 
converter that does not use an associated counter 
is shown in figure 7-15. Delay lines (D) are 
used here to provide the conversion from serial 
to parallel. Each delay line introduces a delay 
equal to the input pulse spacing. Therefore, 
the first input pulse (the one on the left in the 
pulse train) arrives at A4 at the same instant 
that the last bit pulse is applied at Al. The 
input pulse spacing is the same as that of the 
clock pulses for serial form. Therefore the 
read pulse could be taken from the clock, but 
it must not be applied to the AMD circuits 
before the last input pulse is applied to Al. 
With the exception of the delay line feature, 
the circuit is the same as the one in figure 
7-14. 

Shift Register 

A shift register is a storage register in which 
the stored number can be shifted left or right 
with a shift pulse. (See fig. 7-16.) 

The shift pulses are applied continually, 
using the same spacing as the bits of the word. 
Since the FF would be upset if two pulses 
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Figure 7-15. —Storage register using delay lines. 
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occurred simultaneously, the shift pulse is ap¬ 
plied midway between bit pulses. The stages 
are so coupled that any particular FF is set to 
a 1 state only if the preceding one was reset to 
0 by the shift pulse. The delay lines (which 
may be RC circuits) have a delay that is only a 
small portion of the spacing between pulses. 
The operation of the shift register is explained 
in the following paragraphs. 

Assume that the binary word 1101 (decimal 
13) is to be stored and that all FF’s have been 


reset to 0. The first 1 bit is applied and sets 
FF1 to 1. This does not affect FF2. A shift 
pulse then occurs that resets FF1 to 0; and 
FF2 receives, after a short delay, a pulse 
from FF1 that sets it to 1. Then the second 1 
bit is applied to FF1, setting it to 1 again. 
Now both FF1 and FF2 are set to 1; and another 
shift pulse occurs, resetting them to 0. Shortly 
thereafter, FF2 and FF3 are set to 1. The 
next bit in the word is a 0 and has not effect on 
FF1. The following shift pulse resets FF2 and 



Figure 7-16. — Shift register. 
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FF3 to 0; later, FF3 and FF4 are set to 1. 
FF1 and FF2 now read 0. The last bit sets 
FF1 to 1. Shift pulses are stopped at this 
point, and binary word 1101 has been stored. 

The application of four additional shift pulses 
causes the stored word to be read out the 
left side of the register. The contents can 
be read out to additional FF stages, to the 
memory unit, or to adder circuits. The output 
might also be returned to the input, through 
pulse reshaping amplifiers, to form a dynamic 
(circulating) type register. 

A digital computer can add or subtract al¬ 
most indefinitely, and with lightning speed. For 
this speed to produce meaningful results, the 
computer must be supplied with complete in¬ 
structions before each operation. The speed, 
accuracy, and versatility of the computer are 
determined by the type of instructions provided 
and the manner in which they are given. These 
instructions will at times be specific informa¬ 
tion, such as a number that represents some 
item of data, and at other times will be a number 
that represents an instruction. For instance, 
the program may instruct the computer to carry 
out a sequence of operation as follows: 

1. Select a specific item from a specific 
location of a memory channel and transfer it to 
the arithmetic unit. 

2. Select another item from some other 
memory channel and transfer it to the arith¬ 
metic unit. 

3. Compare the two numbers. 

4. Place the larger of the two numbers in 
a specified address in a specific memory channel. 

The function of the control circuitry of a digital 
computer is to intepret the instruction of the 
program and to send control signals to the other 
sections of the computer to peform these in¬ 
structions. Control circuitry includes the decoder 
networks and a control generator for producing 
the control signals, which are timed for proper 
operational sequence and sent to the other sections 
of the computer. For example, the instruction 
words are entered into the input section and then 
sent to the control section for decoding. 

For read-into-memory instructions, the in¬ 
struction is decoded, and the resultant control 
signals are sent by the control generator back 
to the input section and memory to execute the 
instruction. Similarly, when an add instruction 
is sent by the input section to the control 
section, a control signal is generated that causes 
data to be read from memory and added into 


the accumulator in the arithmetic section. Con¬ 
trol signals to the arithmetic section tell this 
section to peform the actual addition in the 
accumulator. 

Read-out instructions decoded by the control 
section are used to produce signals that con¬ 
trol data, from either the memory or the arith¬ 
metic section, to be sent to the output section. 
A read-out instruction, therefore, causes the 
control section to generate control signals to 
the output section to accept data from these 
sections and transfer the data to the output unit. 

From the above general discussion, you can 
see that the control section must time the many 
control signals developed and send them in 
proper sequence to the other sections of the 
computer. For example, assume the program 
contains the following instruction word: 


Location 


Operation 

Code 


Memory 

Address 


115 05 Cla 350 


During the program run, a control signal is 
sent to memory control to select memory lo¬ 
cation 115 and read out its contents (the in¬ 
struction word). The operation code 05 tells 
the control section that the clear and ADD 
operation (Cla) is to be performed on the data 
stored in memory address 350. 

The control section sends signals to memory 
location 350 and to the accumulator. The signals 
to the accumulator clear it of any previous 
contents, while the signals to memory location 
350 read out the data content of this address. 
Other signals to the accumulator cause the 
data from memory to be stored in the ac¬ 
cumulator, thereby completing the CLEAR AND 
ADD operation. 

As stated before, the instruction data that 
is stored in memory as part of an instruction 
word is used to develop control signals that 
time the sequence of operations and tell the 
other sections of the computer what to do. 
In the example above, the operation code 05 
is used to illustrate the timing and sequence 
of operation for a clear and add instruction. 
The mechanization of this instruction is shown 
in figure 7-17. 

Operation code 05 (binary 101) is stored 
in the three-stage flip-flop decoding register. 
The three AND circuits are used to produce 
the control signals that initiate the instruction. 
Clear and add instruction 101 stored in the 
decoder register causes the 1 , 0, and 1 outputs 
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Figure 7-17.—Mechanization of an instruction 
word. 


of the FF1, FF2, and FF3 circuits to be ANDed 
at the AND 3 circuits, to produce the clear 
and add control signal. This signal is used to 
clear' the accumulator and to gate the memory 
location for the data in the instruction word. 
The signal is also used to trigger another 
control signal that allows the extracted memory 
data to be added to the accumulator. The timing 
for these two operations is controlled by CLOCK 
pulses. These pulses are produced by the clock 
generator which operates at a set frequency. 
It is analogous to the rpetition rate generator 
in a radar. With every clock pulse, the various 
circuits that control the performance of these 
operations are gated so that the proper opera¬ 
tional sequence is established. The control signals 
from the other AND circuits are produced when 
corresponding operation codes are stored in 
the three-stage flip-flop register. (The number 
of stages is determined by the number of in¬ 
structions the computer is able to perform.) 

The program portion just described is a 
simple example used to show how a programmer 
talks to a computer. 

The Accumulator 

Storage operations are performed in the 
accumulator. Basically, it consists of a memory 
section called a register (discussed later in this 
chapter) and is used with an adder. The register 
i8 a group of flip-flop and memory elements that 
route and store data. Adders are explained 


shortly. The A-register has two purposes; it 
furnishes the stored augend to the adder, and 
stores the sum of an addition operation. See 
fig. 7-18.) 

In this connotation, the “augend” is the 
subtotal. In each progressive addition, the total 
of the previous addition is fed to the adder 
(as the augend), and is then combined with 
the new data to furnish a new total which is 
stored in the A-register. For example, the 
A-register holds a number, say 4, and it is 
to be added to another number, say 3, then 
both the 4 from the A-register and the 3 from 
the addend register are sent to the adder. The 
sum of the addition, a 7, is sent to the A- 
register and remains until more data is to be 
added to it. Thus, the A-register accumulates 
data for arithmetic operations. 

Clock Pulses 

An idea which is basic to most digital com¬ 
puters is that of a uniform rate of counting 
(synchronous operation). To provide for this 
feature, a CLOCK, or master timer, is em¬ 
ployed. This circuit produces or controls the 
rate of timing pulses. The interval between 
the pulses determines the period of time during 
which an event can occur. If a signal is delayed 
for a number of pulse intervals and then fed 
back to the input of an AND circuit, that signal 


INFORMATION 
FROM MEMORY 



235 


167.116 

Figure 7-18. —The accumulator. 
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will be continuously regenerated, and may be 
used to store data bits (binary digits) according 
to the length of the delay. Since the AND cir¬ 
cuit will produce an output only when both input 
signals are present, the repetition of the pulse 
permits the transfer of data during that interval. 
The delay may be of any convenient length, and 
may be used to store any number of digits. 

ADDERS 

Adders in digital computers use combina¬ 
tions of AND, OR, NOT, and INHIBITOR circuits 
for performing addition. When adding numbers, 
it is often necessary to CARRY a number to 
the next column. For example, 

® 

45 
+ 19 

64 

It is the carry function of arithmetic (the 1 
encircled) that necessitates complex circuits 
in computers. When it is not necessary to carry, 
a simple OR circuit could easily add numbers, 
for it has an output whenever pulses appear at 
either or both inputs. 

A binary word appears as a train of pulses 
with spaces to indicate 0’s. In an adder, a 
pulse train applied to one input will be added to 
a pulse train applied to another input. In figure 
7-19(A) the OR circuit has faithfully produced 
an output pulse each time a pulse appears at 
either input — but the output answer is not the 
correct sum of the two input binary words. 
The pulse train at input No. 1 is binary 101101, 
which is 45 in decimal notation; at input No. 2 
the binary 010011 is decimal 19. Adding 45 + 
19 = 64, which should appear as binary 1000000 
in the output. The error is caused by the fact 
that this circuit cannot “carry” a digit. Addi¬ 
tional circuits must be used with the OR circuit 
to provide the means of CARRYING in addition. 

One of the circuits that must be discussed 
in connection with adders is the delay circuit. 
The delay circuit functions much like a delay 
line in a radar. In a computer it delays a pulse 
train for the duration of one pulse —that is, all 
the pulses in a train advancing from left to right 
are moved one place to the left. Thus, the 
binary 001 applied to a delay circuit becomes 
010 in its output. The delay circuit permits the 


carry function of arithmetic in adders. It is used 
with a combination of OR, AND, and NOT cir¬ 
cuits to make up a full adder circuit. A ful] 
adder consists of two half adders and a delay 
line. A half adder is shown in 7-19(C). 

Note that a half adder is made up of some 
circuits already discussed. In schematic pre¬ 
sentation the half adder would appear as one 
block, and it would be understood to contain the 
circuits shown in (B), with the previous carry 
included. Such a circuit (the half adder) is 
seldom used alone, but is combined with another 
half adder and a delay line to form a full adder, 
as will shortly be shown. 

Circuit (B) shows why the half adder will 
not perform addition properly. Both inputs to 
the AND circuit experience a 1 simultaneously 
with the first digit applied, and an inhibiting 
pulse is produced. At the inhibitor’s input, the 
inhibiting pulse from the AND circuit prevents 
an output when the first 1 digit from the OR 
circuit is applied, and the output is not a correct 
total of the binary inputs (001 and 101). 

Binary addition is performed as follows when 
a carry is involved: 

® 

001 

101 


110 

In the first column a 1 is to be added to a 
1 — the sum is 0 with a 1 carry (the 1 carry is 
shown encircled over the second column). Adding 
the 1 carry to the two 0’s in the second column 
produces a sum of 1, with no carry. In the third 
column a 1 added to a 0 produces a sum of 1. Thus, 
110 is the correct sum of the two inputs to the 
half adder; but because the inhibiting pulse of 
the carry is in the first place instead of the 
second place, a false sum of 100 is produced. 
Another half adder and a delay line that shifts 
its digits one place to the left will correct 
this situation. Note in circuit (C) that two out¬ 
puts are produced from the half adder — one is a 
sum and the other is a carry. Circuit (D) utilizes 
these two outputs in combination with a delay line 
and a second half adder to complete a full adder. 

The first and second half adders in the figure 
are identical and contain the circuits shown in 
circuit (B). Circuit (D) shows the half adders 
as blocks combined with a delay line. Note that 
the delay line shifts the carry from the first 
half adder one place to the left—this means that 
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Figure 7-19. —Binary addition circuits, block diagrams. A. OR cir¬ 
cuit; B. Half adder; C, Half adder with delay; D. Full adder. 
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the 1 carry produced when adding two l’s to¬ 
gether in the first column has been carried to 
the second column. The second half adder has 
100 and 010 as its inputs, and adds them to total 
110. This is the true sum of the inputs to the 
first half adder. 

Note in circuit (D) that a dotted line leaves 
the second half adder and enters the delay line. 
This is a carry recirculation line. In the illus¬ 
tration of the carry function just described, 
only one carry was necessary, but any number of 
carry digits may be developed when adding 
columns of binary words of varying length. The 
dotted line shows that the carry number may be 
recirculated any number of times, each time 
moving the carry pulse one place to the left. 

ADDER-SUBTRACTOR 

Subtraction in computers is performed by 
employing the same circuits that have been dis¬ 
cussed; namely adders, inhibitors, and delay 
lines. They are not connected the same as 
when used in adders; however, each circuit 
performs its operation in exactly the manner 
that has been described. The following discus¬ 
sion is a simplification used for illustration. 

Figure 7-20 (A) shows the basic subtractor 
circuit. Its only purpose is to show the sub¬ 
traction principle; this circuit must be combined 
with adders and delay lines (as shown in (C)) in 
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CIRCUIT 

SUBTRAHEND 001 

NO. 2 
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67.89(167) 

Figure 7-20. — Binary subtraction circuits, block 
diagram. A. Basic-No borrow needed; B. Basic 
borrow needed but not provided; C. Subtractor 
that borrows. 


order to function as a subtractor and give taj 
answers. In (A) the inhibitor produces a true^j 
mainder when no “borrow” is necessary.] 
(B) however, the remainder is false becauj 
the basic circuit cannot perform the necessal 
borrow function. 

The subtracting circuit in figure 7-20 (C 
shows the arrangement necessary to perfqj 
a borrow function. In the following explana* 
it is necessary to refer to the inhibitors by mfl 
ber. * 

In this circuit it is desired to subtract 0 
from 10. At I No. 1 (inhibitor No. 1) theij 
hibiting pulse in the subtrahend arrives Wn 
there is no pulse in the minuend to inhibit* 
the 10 passes through the inhibitor to the adfl 
I No. 2 has the same inputs applied, except w 
they are reversed so that the minuend (5 
becomes the inhibiting input. Here again, til 
inhibiting pulse arrives when there is no inpt 
pulse to inhibit, so the 01 input at I No. 2 i 
passed through and appears at two places—ti 
delay line and the adder. At the adder, the till 
inputs are added to produce 11 at the inputM 
I No. 3. I No. 3 also has an inhibitor puls 
applied from the delay line which has bee 
shifted one place to the left to become 10. Thi 
time the inhibiting pulse at I No. 3 inhibits th 
second pulse of the input to produce 01 * 
the output of I No. 3. This is a true remaindei 
By shifting the output of I No. 2 one place to ■'ft 
left, a borrow funtion is effectively performet 

The circuit just described can perform 0*1 
one borrow function. For subtraction involvin 
multiple functions of borrow, additional adder 
and delay circuits must be incorporated, o 
the more practical shift register may be use 
to shift the necessary pulses as required. 


MEMORY DEVICES 


The kind of storage employed by an automati 
digital computer is decisive in determining th 
form a computer may take. A computer’s stor 
age or memory is sometimes referred to simpj 
as a store. 

A computer’s arithmetic section is fast.lt 
calculating speed is measured in nanosecond 
(billionths of a second), thus indicating it mus 
be fed data at a fast clip. For the computer t 
quickly find data to work on, it is stored in memoir 
and assigned a specific address. Knowing wher 
the data is, the computer can find and take it ; ou 
in microseconds. In this section we will discus 
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ttne of the magnetic devices used to store and to 
>ld data and instructions. 

feVELS OF STORAGE 

Internal storage refers to storage which the 
^ogrammer, or coder, would normally use. It is 
Seated within the arithmetic unit or main stor- 
ge, and is characterized by high speed and 
tw capacity. 

Secondary storage is cheaper and slower in 
iccess, but it has larger capacity. Access time 
K>uld be as small as milliseconds for magnetic 
Irums or up to minutes for magnetic tapes, 
flocks of secondary storage are normally trans¬ 
ferred to the arithmetic unit as required, in¬ 
stead of addressing a specific storage location 
of a specific stored word. 

External storage refers to punched cards, 
punched tapes and magnetic tapes stored in files 
or cabinets, which the computer does not have 
direct access to. Externally stored information 
is in a form which the computer can use, but it 
is physically separate from it. 

The capacity of a store is measured by the 
amount of information in bits or (binary) de- 
icisions it can store. The storage capacity of a 
Hip-flop is one bit. A register can store one 
rword at a time, but an array or matrix of mag- 
taetlc cores may store 10,000 words with fairly 
rsmall bulk (each core may have an outside 
diameter of only 50 mils). The storage capacity 
of magnetic tapes used for external (slow ac¬ 
cess) storage may be essentially without limit. 

Access time is the time it takes a computer 
to locate data or an instruction word in its 
storage section and transfer it to its arithmetic 
unit where the required computations are per- 
; formed. The time it takes to transfer information 
f which has been operated on from the arithmetic 
■ unit to the location in storage where the informa- 
f tion is to be stored. Synonymous with read 
time. Random access is said to occur if access 
/to any storage location is independent of the stor- 
/ age address of the previous word. Access is said 
i' to be cyclic if the access time depends on the 
jj’ location of the previous word, as in the case of 
[! a rotating magnetic drum. (With a rotating 
j magnetic drum, the addresses available at any 
j given instant depend on the instantaneous drum 
; position.) 


Random access time for internal storage 
may be typically a few microseconds, but for 
secondary storage, milliseconds to minutes will 
be required. 

Static or dynamic storage refers to whether 
the information changes location or not (when it 
is not being used). Examples of static storage 
devices are flip-flops and magnetic cores. Ex¬ 
amples of dynamic memory devices are delay 
lines (with circulating pulse trains) and rotating 
magnetic drums. 

Erasable storage is widely used in comput¬ 
ers since it is essential in many instances to 
be able to store different words at different 
times at the same storage location. Examples 
of erasable storage include magnetic drums and 
magnetic tapes. Examples of nonerasable stor¬ 
age are punched cards and punched tapes. 

Volatility relates to the loss or alteration of 
stored information due to an unintentional power 
loss. Regeneration or the periodic reinforce¬ 
ment of stored information, which is a common 
practice in dynamic storage, usually results in 
a volatile situation. Modern computers gen¬ 
erally have “power down sequences” to prevent 
loss of volatile data in case of power failures. 
Storage capacitors provide power until the data 
is transferred to the core memory. 

Serial (series) access refers to reading or 
writing one bit at a time. When all bits of a 
word are transferred in the same cycle, operation 
is said to be parallel. Only the smaller binary 
computers are entirely serial in storage access; 
on the other hand, very few computers use 
parallel storage systems altogether. Most use a 
series parallel arrangement. A parallel arrange¬ 
ment provides high speed at the cost of a great 
amount of additional equipment. On the other 
hand, a completely serial situation is usually 
too slow. 

Magnetizing the Memory Unit 

The process of recording a 0 or a 1 on a 
magnetic medium involves two opposing prob¬ 
lems: 

1. To obtain the highest packing density 
(storage of the maximum number of items in 
the minimum space). 

2. To maintain reliability (ability to recog¬ 
nize and use the stored data). 

In order to obtain the highest packing density, 
considerable distortion must be tolerated. A 
saturation amplitude signal is normally used to 
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record digital data, and this results in a gross 
distortion of the input signal. Figure 7-21(A) 
illustrates the type of distortion involved. 

Signals are produced when the recording 
material is moved by a pickoff winding in such 
a manner that cutting of magnetic lines of 
force takes place. This occurs at the beginning 
and the end of the magnetized portion of the 
recording material. No signals are produced by 
the saturated portion of the recording material 
because the magnetic lines of force are aligned 
with the direction of movement. The magnetic 
airgap (shim) dimensions determine the amount 
of material needed to record a single data bit. 


SIGNAL AMPLITUDE. — The amplitude of sig¬ 
nals recorded may be two-level or three-level, 
depending on whether a condition of zero mag¬ 
netization is allowed to exist other than momen¬ 
tarily. Figure 7-21 (B) is an idealized 
representation of the binary number 10110 
(decimal 22). The top waveshape represents the 
two-level signal, and the center waveshape repre¬ 
sents the three-level signal. In the three-level 
system, note that zero magnetization exists 
during the latter half of each data bit, and that 


the polarity of the magnetization is reversed fed 
the 0 or the 1 digits. ^ 

In a third system of recording (shown in tld 
bottom waveform of figure 7-21(B), no ch&ngfl 
of output is permitted when succeeding digill 
are the same; therefore, no playback signal 
appears at this time. This is called the NON* 
RETURN-TO-ZERO method of recording. Wlfl! 
a long series of l*s, counting the time interval! 
is made by clock timing pulses. A separate record¬ 
ing track is usually devoted exclusively to record¬ 
ing these synchronizing signals. 

READOUT. —Since the readout signal wave¬ 
form differs greatly from the read-in signal, 
additional circuitry is frequently used to restore 
the signal to its original shape. This circuitry 
normally consists of a saturation amplifier and 
clippers. 

MAGNETIC DRUMS 

Since the computer has a magnetic memory 
unit that moves under heads, the information 
stored in the various channels can be changed 
as an operation progresses. That is, during 
the time that a problem is being solved—such 




Figure 7-21. —Magnetic recording. A.. Recording method, showing 
distortion; B. Recording levels. 
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B weapon firing time — some of the items of 
iata will be varying and must be changed as 
be problem progresses. The heads of perti- 
gnt channels will be used to erase and rewrite 
formation in those channels as required. 
s The magnetic drum is an aluminum cylinder 
ioated with a magnetic material. Heads for 
Writing on or reading from the drum are mounted 
[0 that the drum rotates past and close to 


them. (See fig. 7-22 (A).) The heads magnetize 
spots along the drum surface when data is fed 
into the computer, and pick off data as mag¬ 
netized spots cause a pulse to appear at their 
outputs. This action is quite similar to that of 
a tape or wire recorder, except that the portion 
of the revolving drum that passes under each 
head can be thought of as a ring or band of mag¬ 
netic tape. 
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Figure 7-22. — The magnetic memory drum unit. A. Read-write head; 

B. Magnetic drum; C. Arrangement of heads on drum; D.. Ar¬ 
rangement on tracks on drum; E.. Read-write circuit, block 
diagram. 
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Figure 7-22 (B) shows how channels appear 
on the magnetic drum. To place the maximum 
number of heads over the drum, the heads are 
staggered as indicated in (C). Each pickup head 
can be considered as a channel of the rotating 
drum. Each channel can store approximately 80 
bits per inch. 

Magnetic memory drums vary greatly in 
capacity and operating speed. Speeds of 3,000 
to 17,000 rpm and diameters of 4 to 12 inches 
are quite common. Access to data stored on 
the drum depends on the rotational speed and 
the location of the particular data desired. 
When the desired bit has just passed the head, 
the access time is maximum (one revolution). 
If the desired bit is under the head, access 
time is nearly zero. Thus for the general case, 
average access time is one-half revolution. By 
improved programming methods, this access 
time may be further reduced. Average access 
times in practical computers range from 2 to 
10 milliseconds. 

The drum shown in (D) includes a quick 
access band, each track of which comprises 
several circulating loops of the type shown 
in (E). These loops waste that portion of track 
(if any) which is not between the two heads 
which comprise a loop. 

Each channel on the drum is identified, and 
the location (address) of each bit or word is 
identified. The channel may be thought of as 
resembling a motion picture film, with block 
separations to locate a specific word or bit. 
The address of a specific binary word is identi¬ 
fied as to its channel, block, and location within 
the block. The blocks will, of course, be very 
small, as compared with the film. 

Many bits are recorded in each block of 
each channel, and since the bits pass under the 
head one at a time, some method of identifying 
the start of a word must be provided. The first 
channels of the drum have magnetized sectors 
that provide for positive location of a word or 
digit within a word. These sectors usually con¬ 
tain pulses used for timing, location of words 
or word groups, word separation, and bits within 
a word. The timing pulses synchronize the 
actions of the other channels. In this manner 
all the data on all channels is in synchronism 
with the timing pulse; and if the drum speed 
varies, every calculation or other operation 
of the computer varies accordingly. When this 
feature is incorporated, drum rotational speed 
is not excessively critical. 

The programmer determines exactly what 
operations the computer is to perform and the 


sequence of those operations. He then prepares 
a program for the computer to follow. Infor¬ 
mation (data) and instructions (the program) art 
then placed in the computer so as to provide i 
with the necessary information and the instruc¬ 
tions required to control the flow of information 
The magnetic drum in computers is normally 
programmed for one specific problem, and is 
CLEARED of data after the problem is finishec 
and before the next problem is begun. Each nev 
problem requires that new data be programTie< 
into the drum. Programming is discussed latei 
in this chapter. 

Ferrite Core Memory Element 


Another type of memory device is the ferrite 
core. Its principle of operation is similar tc 
that of magnetic amplifiers, in that it is mag¬ 
netized with a polarity corresponding to the 
direction of the magnetizing force. The mag¬ 
netizing force required is modest; a single con¬ 
ductor passing through the core performs the 
function of a winding. 

A magnetizing force applied in one directioi 
magnetizes the ferrite core with a polarity tha 
represents a binary 1, and when applied in the 
opposite direction causes the opposite polaritj 
which represents a binary 0. 

The ferrite core is a small ring of magnetic 
material, with diameters of approximately 0,01 
inch. Figure 7-23 is an enlarged drawing of t 
section of a ferrite core matrix. A MATRD 
is made up of many ferrite cores connected as 
shown in the figure, and arranged in a fla' 
panel inside a frame, with wires leading ou! 
for easy attachment. Very short access times 
(10 microseconds or less) are common, be¬ 
cause modern high speed semiconductor switches 
make parallel access practical. 

The arithmetic and memory emits of a gen¬ 
eral purpose computer contain many of these 
matrices. Each core is capable of storing onlj 
one bit, so a matrix of 250 cores can stow 
only 250 bits. Multiplying the number of mat¬ 
rices by the number of cores per matrix gives 
the number of bits that a computer can handlei 

In the figure, each core has three windings. 
The wires that cross at right angles are used 
to magnetize the core. Using coincident cur¬ 
rent techniques, any single core may be se¬ 
lectively read in or out. By passing a current 
through both the horizontal wire and the vertical 
wire which pass through a given core, the tw< 
fluxes may be made to add and to just exceed 
the threshold value necessary for switching 
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magnetic polarity of the selected core. Each 
lorizontal wire and each vertical wire passes 
;hrough an entire string of cores. The only 
)ore affected, however, is the core at the inter¬ 
section of the two wires that have the pulses 
ipplied. As an example, locate the junction 
>f line B and line 2 on the diagram in figure 
'-23. If both line B and line 2 have pulses 
ipplied, only core 6 will be affected, because 
he magnetizing effect of only one wire is not 
sufficient to cause the magnetization of the 
>ther cores to flip to the opposite polarity. 

The use of a third (sense) winding (S) per- 
nits the sensing of the switching of the core, 
f interrogated by coincident pulses, the core 
vill switch and the change of flux will induce 
i pulse into the sense winding. The polarity 


of this induced pulse is an indication of the 
binary 1 or 0 that was stored in that core 
before switching occurred. When the core is 
read out, the binary bit in that core is lost. 
This is called destructive read-out because 
the stored data is lost during the read-out 
process. If it is desired to retain that bit, it 
is necessary to recirculate and reapply that 
bit to the core from which it was read out. 

Single pulses will frequently be passed through 
a core when reading into or out of adjacent 
cores, but these cause no harm. In figure 7-24 
the effect of single and coincident pulses is 
shown. In (A), a single pulse is shown to pro¬ 
duce a negligible change in flux; in (B), co¬ 
incident pulses are shown to produce a change 
in flux sufficient to switch magnetic polarity 
of the core. Residual flux is indicated by the 
saturation levels, N in one direction and S 
in the other. 

TESTING. —A testing waveform of current 
may be used to determine the effect of repeated 
single pulses on a given core. In the ideal 
situation, a single pulse will have no effect, 

(A) A SINGLE PULSE CANNOT SWITCH 7 HE CORE 


| PULSE 



(B) COINCIDENT PULSES ON BOTH WINDINGS SWITCH THE CORE 



(C) TESTING WAVEFORM 


(b) 


un r umjxrmjirijii 
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Figure 7-24. —Switching core polarity. A. Single 
pulse; B. Coincident pulses; C, Testing 
waveform. 
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but this is not necessarily true in practice. To 
determine the effect of many single pulses on 
a given core, the waveform shown in figure 
7-24 (C) is applied to to the core to be tested. 
A pickup winding is used to sense the response 
of the core to the testing waveform, and the out¬ 
put of the pickup winding is applied to an oscillo¬ 
scope which is synchronized with the testing 
waveform. 

The waveform is essentially divided into two 
parts. Part (a) consists of a write pulse (w), 
followed by a single disturbing pulse (d) and a 
read pulse (r). Part (b) is similar, but includes 
a series of disturbing pulses instead of a sin¬ 
gle one. The response of the two reading pul¬ 
ses is an indication of the demagnetization of 
the core caused by several disturbing pulses 
(b) as compared with the single pulse in (a). 
If the response to the disturbing pulses is 
excessive, the core must be rejected. 

MAGNETIC DISK 

The rotating magnetic disk used with some 
computers is increasing in popularity. Its function 
is the same as that of the drum, but the surface 
is flat like a phonograph record instead of 
cylindrical, and the tracks are circular instead 
of spiral as in a phonograph record. Spacing 
of the recording heads is maintained constant. 
Very high storage capacity is characteristic 
of this device, and the low mechanical inertia 
makes it appealing. Disk storage units have 
been built with 100 concentric tracks on each 
side of each disk. Figure 7-25 shows the con¬ 
struction of the disk type magnetic storage unit. 

MAGNETIC TAPE 

Perhaps the most “familiar” type of storage 
is magnetic tape. The materials used for re¬ 
cording may be the same as those used for audio 
recording, except that a very high quality tape 
is required to avoid missing an occasional bit. 
Seven-channel tape (common in computer work) 
is usually one-half inch wide, and has a recording 
density of 100 to over 500 bits per inch. A 
2,400-foot roll can store about 3 to 16 million 
characters. (This is less than the apparent 
maximum, because the gap between recorded 
sections of tape may be from 1/2 to 2 1/2 
inches.) Obviously, the tape must be brought 
up to operating speed before reading or writing 
is begun. Actual tape speed may be as high as 
240 inches per second. 
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Figure 7-25. —Magnetic disk storage devia 


Since input and output devices are general 
mechanical, it may be advantageous (both fc 
speed and economy) to record the computer oul 
put at its optimum speed on tape, and later pit 
it back at any convenient speed into the appr< 
priate terminal unit. Similarly, a separate taj 
track may carry other data essential to tl 
evaluation of the tape. 

Tapes produced by computers are used eJ 
tensively for controlling other processes. Sin< 
the data is digital, it can be operated at varia 
speeds, and even stopped, with no loss or diJ 
tortion of data while other operations are pel 
formed. 

Many techniques are available to overcon: 
random data acquistion on tapes. These indue 
use of multiple tracks, multiple read head! 
etc. The chief advantage of magnetic tape 1 
its ability to store millions of data bits in 
expensively. Under ordinary operating condition! 
magnetic tape is usable up to 50,000 times. Dal 
on a used tape may be transferred to a new o« 
Temperature and humidity must be controller 
as variations may cause the oxide surfaces I 
crack. Since dust may cause a signal to 1 
missed, extreme care in manual handling I 
necessary. Oil or moisture from manual handlii 
may encourage the collection of dust. 
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[•HER MAGNETIC DEVICES 

A readout device with characteristics similar 
those of the ferrite core, but whose stored 
ita is not destroyed in the reading process, is 
illed the TRANSFLUXER. Figure 7-26 (A) 
lows that a second, smaller aperture is used 
permit sampling and possible switching of 
ily that portion of flux which exists around the 
nail hole. During readout, this device does 
>t switch all the flux contained in the core, 
he transfluxer may also be used for storing 
lalog quantities. 

The THIN FILM DOT ARRAY memory device 
;hown in fig. 7-26 (B)) promises very fast, 
impact, and inexpensive switching. Access time 
: 0.2 microsecond has been demonstrated. The 
lagnetic characteristics of this thin magnetic 
irface are directional in nature; the film is 
asy to magnetize in one direction, but hard 
i a direction at right angles to that direction, 
he magnetization characteristic in the hard 
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Figure 7-26. —Other magnetic memory devices; 
A. Transfluxer; B. Thin film dot array. 


direction is essentially without hysteresis (in¬ 
stead of a B-H loop, it collapses into a line), 
but the B-H characteristic in the easy direction 
is the familiar square loop. 


PROGRAMMING 

A modern digital computer is capable of 
adding and subtracting almost indefinitely with 
lightning speed. Some can also make decisions, 
based on the results of th previous calculations. 
However, despite these capabilities, the com¬ 
puter cannot automatically perform its functions 
by itself. Each step of the problem that the 
computer is to solve must be worked out in 
advance by a “programmer.” The programmer is 
someone who decides how the problem should 
be worked by the computer and then writes the 
program which outlines the sequence of opera¬ 
tional steps. These instructions must be placed 
in the computer, and made to activate the in¬ 
ternal circuits so that the computer will process 
for solutions to problems. 

The programmer may not be concerned with 
the actual answer to the problem but only that 
an answer is produced and placed in the mem¬ 
ory unit at a specified address. The computer 
may be instructed to perform the same opera¬ 
tion over and over; and if any of the data changes, 
the solution will also change. The solution to 
one problem is often used in making other 
calculations required in the overall operation. 

The programmer for a computer does not 
necessarily need to know the mechanical or 
electronic theory of a computer, but he does 
need to know its maximum capabilities. 

CONTROL 


The switching or routing system of signals 
in computers can be compared to a huge rail¬ 
road yard where many trains being routed through 
a maze of tracks. All the trains are controlled 
from a central point and move as directed by 
the controller. 

A train is formed by directing an engine 
to move through the maze of tracks in the 
yard, picking up one or more cars at designated 
points. The completed train then moves out of 
the yard as an integral unit. The paths followed 
in forming the train were predetermined and 
directed in sequence by the controller. In simi¬ 
larity, the control unit of a computer will be 
the controlling device that does the switching, 
and the courses taken by the binary bits will 
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resemble the tracks of the yard. In the out¬ 
put of the computer, the completed data will 
be analogous to the train. 

THE PROGRAM 

When the program Tier makes a program for 
a computer, he determines the sequence of 
operations necessary to solve a problem. Many 
automatic functions are built into the computer, 
such as switching, counting, arithmetic opera¬ 
tions, and others involving the special mechanics 
of arithmetic employed by computers. A program 
may be set up so that each operation is given 
a coded number designation, and the programmer 
merely inserts the coded numbers as instructions 
to the computer. Programming is technically 
only one part of preparing a problem for solution 
by a computer. Actually there are four major 
steps, as shown in figure 7-27. These are 
numerical analysis, flow charting, coding, and 
checking. These jobs are frequently referred 
to collectively as “programming.” 

NUMERICAL ANALYSIS 

Numerical analysis is the definition, in proper 
mathematical terms, of the problem to be solved. 
It is the science (or the art) of reducing problems 
into terms, quantities, and equations that a digital 
computer can accept. In all but the simplest 
problems, extensive numerical analysis may 
be required before the program can be written. 
How does one represent an integral or dif¬ 
ferential, a cosine, or a quality? Numerical 
tricks, approximations, and even arbitrary values 
must be used in order to translate these con¬ 
cepts into the discrete, numerical values re¬ 
quired by the computer. 

PROGRAM PREPARATION 

Normally problems are too long and too 
complex to encode directly from the mathe¬ 
matical analysis. Programming provides the 
shorthand, or guide, which makes it possible 
to translate the mathematical operations into 
the step by step operations required by the specific 
computer to be used. Programming is primarily 
the task of drawing flowcharts, or block digrams, 
and planning memory allocations. 

A flow chart (illustrated in (B) of fig. 7-27) 
is essentially an annotated block diagram and is 
an organizational convenience. In addition to 
depicting the overall system logic, it shows the 
sequence of logic operations, the result of each 


choice, and the time and entrance point of all 
new data. 

Although it is intended principally as an aid 
in writting the computer code, the flow chart is 
also an excellent troubleshooting and testing 
device. It has symbols to describe the various 
functions to be performed, to indicate a logical 
choice or optional sequence, and to show when 
a sequence is changed by new or modifying 
instructions. Additional symbols and conventions 
are generally used to simplify the diagram 
and to make it a more complete instrument 
for aiding the man writing the code. These 
symbols are not standard, but they are usually 
consistent in a given set of charts. Their main 
purpose is to transfer information from the 
designer to the coder or other users of the 
computer. 

CODING 

Coding is the step by step transformation 
of the problem, as mapped out by the flow chart, 
into a final program written in the language 
of a particular computer. Coding is essentially 
a painstakingly precise bookkeeping operation; 
each address, each digit, and every single com¬ 
mand must be correct. 

The coder, unlike the man who writes the 
flow chart, needs little knowledge of mathematics, 
he does not even need to understand computers. 
The only absolute requirement is that he adhere 
inflexibly to the rules as established by the 
design of the computer. Generally, in trans¬ 
ferring from one type or model of computer 
to another, the coder must learn a new set 
of rules, a new computer language, or anew code. 

CHECKING 

Checking, or verifying, is the final step in 
what might be called the “training” of a computer. 
It is frequently performed automatically. The 
sole purpose of this step is to insure that the 
coder has made no errors. The program pre¬ 
pared by the coder may be stored internally 
or externally. Storage will be semipermanent 
or permanent depending upon the purpose and 
application of the computer. 


INPUT AND OUTPUT DEVICES 

Plug-in devices are used extensively in analog 
computers to increase versatility and accuracy. 
The primary application of plug-in units in 
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large digital computers is to supply multiple 
input and output devices capable of being in¬ 
dividually and/or collectively coupled to the 
computer. Numerous devices have been devel¬ 
oped to take advantage of the speed of the com¬ 
puter; a few of these devices are described below. 

CONVERTERS 

All converters are essentially counting, weigh¬ 
ing, or reading devices. The output of the con¬ 
verter should be compatible in form and time 
availability with the computer that is to use it. 
The speed, precision, and accuracy required 
of the measurement determine the type con¬ 
verter used. Since the majority of inputs to 
Navy computers are available in analog form, 
the analog to digital converter type input is 
used extensively. Devices of this type are avail¬ 
able to convert most analog inputs to digital form 
with almost any desired degree of accuracy. 

In the sample program just discussed, the 
values of a, b, and P are variable (and pos¬ 
sibly constantly varying) quantities which are 
available in analog form from instruments or 
from computer sections. The following para¬ 
graphs discuss briefly each of the quantities, 
fixed or variable included, in the problem. 

1. Acceleration (a) is available from a track¬ 
ing system accelerometer in some form such that 
the output of the device is proportional to (anal¬ 
ogous to) the acceleration. It represents a change 
in velocity. 

2. Velocity (b) is variable during the problem 
time and this quantity may be available directly 
from the computer, or it may be stored in an 
easily erasable memory circuit and corrected 
as the occasion demands. 

3. The time interval (t) is determined by 
clock timing pulses. The shorter the time in¬ 
terval (and the more nearly constant the clock 
PRF), the more accurate the possible comput- 
tations. 

4. Position at time zero (P) indicates the 
target’s position at the beginning of the time 
interval. At the beginning of the solution, this 
position may be inserted manually, or it may 
be made available to the computer from an 
automatic tracking system. 

5. Present position (P) represents the so¬ 
lution to the problem, and is the usuable output 
of the computer. Since this data is continually 
being revised each time the computer cycles 
through the program, it is stored in an easily 
erasable address. 




If it were necessary to determine each^lj 
these quantities, to convert them into digital fonq 
encode them and determine the program, and appj 
these to the computer, the computer 
would be of no significant value in one-t 
solutions. The value of computers in 
tactical situations lies in the automatic and] 
titive nature of the computer. Specifically, 
includes the following abilities; 


1. To accept the required data automaticalM 
provided only that it be included in the progrq 
and that it be in the proper form for use ra 
the computer. 

2. To perform the programmed computattc 
with great speed. 

3. To perform the same computations o\ 
and over again. 

4. To make corrections during each compu 
tation cycle, as the situation requires, reflectii 
any change in values that may have occurrt 
since the last previous cycle. 

5. To store the result of the last preview 
calculation for use in the next computatioi 


In the problem under current consideration 
refer to figure 7-27. The program is bull' 
into the computer, all required data is immedil 
ately available from instruments or other con^ 
puters, or it is stored in the storage united 
the computer. In connection with the solutidl 
of this particular problem, certain pertinent 
factors must be considered. 


t 


If the target is moving at a constant velocity 
the acceleration is zero, and the preliminaij 
solution to “at/2 + b” is simply “b”. The vald 
of b from the previous cycle of computation u 
stored at a specified address in the memor] 
unit and is recalled and used in the solution! 


If the target changes velocity, some rate-of* 
change sensing device is used to sense a# 
evaluate the acceleration taking place. Any id) 
crease in velocity represents a positive adj 
celeration, whereas a decrease indicates negatia 
acceleration. The computer must be capau| 
of distinguishing between the two, and must be 
able to make the computation for either. 

Multiplying the average value of acceleration 
(a/2) by time (t) during the time interval (at/ij 
determines the change in velocity which hu 
occurred since the previous computation cyclfl 
Adding this correction to the former value ofj 
results in a new velocity, which is used in tM 
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jpsent cycle and then stored in the memory unit 
pthe “b” address for use in the next solution. 
^Multiplication of the new value of b by the 
pe interval determines the change of position 
|t. has occurred since the last cycle, and 
mcates the correction that must be added to 
e last known position (P) in order to deter- 
Ine the new P. 

P 0 represents the last known position, and 
stored information. Adding the correction to 
b last previous result provides the computer 
p a new value of P which is the usable output 
the computer. This information then be- 
anes the P 0 for the next computation cycle, 
i. If it is desired that a computer should con- 
aually calculate the course and distance from 
e present position to the point of origin, another 
iction of the computer could be programmed 
^perform the computations involved. This would 
jfjuire a permanently stored reference position, 
id additional circuitry to compare the two po¬ 
tions and to compute the course and distance 
itween them. Readout of this information could 
I made continuous, or it could be made avail- 
)le upon demand. If the solution is required 
lly upon demand, no storage is needed; if 
is to be continually computed, storage should 
> in an easily erasable form, since it is 
mtinuously changing. 

* 

[PUT DEVICES 


An input device is considered to be any de- 
ce which yields an output which is usable for 
e particular computer it feeds. The devices 
ftch will be discussed are referred to as con- 
jrters or encoders because they convert analog 
formation into digital information. 

aalog to Digital Converters 


The variable quantities just mentioned could 
Oginate in analog devices. Since a digital com- 
rter accepts only binary quantities, the analog 
pta must be routed through a converter and 
tinged into digital form for insertion into 
(computer. 


Analog elements determine the present values 
each quantity and supply them to the converter, 
tich then converts the data into digital form, 
fe computer may have a program outlined by 
6ch all the variables are considered in cal- 
totions that finally result in a YES or NO 
pwer. The YES answer might cause a green 
locator to light, and NO might cause a red 


indication. The computer may cycle the pro¬ 
gram continually, correcting the various quan¬ 
tities as needed, and temporarily storing the 
rate of change of each quantity, as well as the 
value of the latest computed quantity. With 
this arrangement, computations based on latest 
available data can continue in the event of 
interruption of operation, and the margin of 
error is decreased in that event. 

The limit of accuracy of a computer is the 
least significant digit. There is no advantage 
in having an analog device more accurate than 
the control data available to it. As an example, 
a servo positioned by a five-digit binary control 
signal can indicate no closer than 1/32 (2 5 = 32) 
of a revolution, or approximately 11.3°, regard¬ 
less of the precision of the servomotor itself. 
The precision of output devices should be matched 
to the stored data, or at least to the level of 
accuracy required in the output application. 

Electrical Converters 

The analog input to an analog-digital (AD) 
converter which uses the electrical technique 
for encoding must first be converted to a voltage. 
This conversion is achieved by using some type 
of transducer ( a device which converts energy 
from one form to another, as from mechanical 
energy to electrical energy). Some common types 
of transducers are microphones, loudspeakers, 
phonograph pickup heads, and synchro systems 
which use a transmitter as the input device 
and a transformer as the output device. 

In many computer applications it is neces¬ 
sary to transform an analog input voltage into 
a form more suitable for decoding. We will 
briefly discuss an analog to digital converter 
used in a typical Signal Data Converter (SDC). 
The analog-to-digital converter will accept analog 
input signals. The signal converters that make 
up this section include synchro-to-digital, AC- 
to-digital, and DC-to-digital. All analog input 
signals and references are applied to high im¬ 
pedance line receivers that perform dual 
functions: (1) they isolate the SDC conversion 
components from the signal sorce, and (2) they 
convert input signal amplitude to SDC usable 
levels. In the absence of a Start Sequence com¬ 
mand, synchro and AC input data are sampled 
periodically, and the sampled signals are held 
(stored) in capacitors. DC input signals are 
applied to a low-pass filter and the filter output 
is sampled. When a Start Sequence command is 
decoded, further sampling is inhibited for the 
sequence duration. Stored signals are multiplexed 
into the appropriate analog-to-digital converter. 


Digitized by 


Google 


249 



FIRE CONTROL TECHNICIAN (M) 3 & 2 




Synchro input signals are conditioned by the SDC 
to sine and cosine components of synchro shaft 
rotation. Three-wire synchro input signals are 
applied to solid state Scott-Tee devices. Within 
the device, a simultaneous voltage step-down and 
conversion to sine and cosine values of the 
transmitted quantity is accomplished. Scalar AC 
and DC inputs consist of signal and reference. 
When the conversion is complete, each resultant 
digital signal is stored in the appropriate con¬ 
verter register. Input sequence control signals 
then determine when the Digital Multiplexer will 
select the proper converter register contents 
for input to the Input Buffer Register. From the 
Input Buffer Register, the digital word is trans¬ 
ferred to the computer via the Input Level 
Converter. The function of the Input Level Con¬ 
verter is to change the binary 0 and 1 voltage 
levels from SDC scaling to computer scaling. 

VOLTAGE TO NUMBER CONVERSION.— 
Electrical analogies (analos) of most measurable 
quantities have been developed, with most in¬ 
strumentation presenting its output as a scaled 
voltage (1 volt = 100 miles, 1 volt = 1,500 
gallons, etc.). It is necessary to convert both 
the voltage level and the scale factor into terms 
usable by the computer. It is not always neces¬ 
sary that the scale factor be inserted, as long 
as the computer has it stored at a unique 
address. 

VOLTAGE-TO-TIME-TO-NUMBER CON¬ 
VERSION. — A converter of the voltage-to-time-to 
number type, in its simples form is very useful 
in scaled systems. The converter may require 
clock pulses, a linear sawtooth of voltage (ramp), 
a voltage comparison circuit, and a voltage that 
is to be measured. 

Digital conversion is provided by starting a 
digital counter that has been synchronized with 
the sweep, and stopping it when the sweep volt¬ 
age and the unknown voltage are equal. The 
clock pulses are counted, and the voltage change 
per unit time factor is applied, so that the 
output reading is converted into a number. There 
is one counted output for each sweep so long 
as the unknown voltage is within the calibrated 
range of the sawtooth. 

Accuracy of this system is limited by the 
slope of the sawtooth, by the accuracy of the 
timing system, and by the precision of the volt¬ 
age equality determining system. Making the 
same measurement concurrently (using two or 
more converters) and averaging the results 
decrease the inaccuracies of the system. 


The system indicates an instantaneous valfl 
nothing is shown concerning the behavior of til 
input voltage before or after its intersectld 
with the sawtooth. 1 

The sawtooth need not be linear, provitfl 
its voltage as a function of time is known ffl 
used in the calculation. j 

SELECTIVELY ADD-SUBTRACT SYSTEMJ 
The operating principle of this system is*fl 
same as that of the equal arm balance, whfl 
an unknown weight in one pan is balanced 1 
selectively adding or subtracting known weiga 
in the other pan. The limit of accuracy, disra 
garding friction, is 1 1/2 the smallest balana 
weight available. Similarly, a voltage baland 
analog system, selectively adding or subtract 
ing scaled resistors until balance is obtained 
may be used. The advantage of this system t 
that the voltage may be larger or smaller thal 
the reference voltage. A simple example is i 
balanced bridge with binary adjustments. Tbl 
system may start from a fixed point or frod 
the last used point, with switching automatical! 
sequenced and controlled by the computer. 

OUTPUT DEVICES 

Input and output devices are similar in op 
eration but perform opposite functions. It i| 
through the use of these devices that the com 
puter is able to communicate. 

Output information is also made available ii 
three types: human information, such as code 
or symbols presented on a cathode-ray screel 
which are used by the operator to answer question! 
or make decisions; information which operate! 
a control device such as a lever, aileron, o! 
actuator; or information which is stored in i 
machine language or human language, on tapes 
printed media. 

Digital to Analog Converters 

It is often necessary for the digital output b 
be converted to analog quantities in order ti 
actuate a servo or some other device of si 
analog nature. Again, a converter is required 
but in this case, it must be a digital to analoj 
(D A) converter. 

Practically any encoder (analog to digital cod' 
verter) can be used as a decoder (digital ti 
analog converter), either directly or in combina 
tion with a null-seeking driver. Frequently tbl 
only modification required is reversing the inpu 
and output functions of the device. 
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|&dout 


Devices and Methods 


f Symbolic displays are generally employed 
r immediate use. The display system (matrix) 
ay be formed by an array of individual lights; 
j[may be variations of intensity or color on 
CRT; or it may be the locus of points on an 
■Y plotter or on a DRT plotter table. Computer 
itput voltage levels and data rates can be 
|ppted to produce any of these displays. The 
gcific type selected will depend primarily on 
I application. 

^Timing and retentivity (or recording) may be 
ttected to provide a display similar to that of 

f 


an oscilloscope, of a radar indicator, or of a 
television set. The data can be arranged in 
alphanumeric, graphic, or photographic form. 
Multiple displays, using combinations of sev¬ 
eral individual display systems, are used in 
most airborne and military computers, both 
digital and analog. Figure 7-28 illustrates sev¬ 
eral common readout devices. 

LIGHTS. —Each individual light may be con¬ 
sidered as the equivalent of a binary stage: 
ON —true or one; OFF —false or zero. Lights 
are used to display such discrete data as fail¬ 
safe, on-off, and warning. They may be used 
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Figure 7-28.—Readout displays. 


167.129 


251 


Digitized by v^. ooQle 



FIRE CONTROL TECHNICIAN (M) 3 & 2 


in groups and in conjunction with ring counters 
to form binary to decimal displays. Each indi¬ 
vidual light is sequenced and illuminates the 
appropriate digit when switched on by the count¬ 
ers. (See fig. 7-28 (A).) 

MULTIFILAMENT LIGHTS. — These lights 
may display numbers, letters, symbols, or com¬ 
binations of these. Filaments may ‘‘edge light” 
lucite cards to illuminate engraved symbols, or 
may actually be shaped in the form of the symbol 
and glow when switched on. (Note fig. 7-28 (B) 
and (C).) 

Lights require appreciable current—greater 
than that which is normally available directly 
from the computing circuits. Therefore, a buffer 
or amplifier stage is usually required to furnish 
the additional current. Since a single display 
illuminates multiple symbols and requires at 
least one terminal for each, it may require 
its own counter circuits to convert from binary 
code to the display code, or it may share a 
common converter with several other circuits. 
On the other hand, the individual filaments may 
be prewired to a printed circuit board, and the 
appropriate display selected and switched by 
computer circuitry. 

The value and quantity being measured may 
be represented by a positioned display of multi¬ 
ple filament lights. The digital voltmeter is a 
fairly common example of the use of these 
lights. 

POINTERS. — Pointer displays may be either 
of the angle-indicating or of the angle-seeking 
type. Any one of the angle to number converters 
previously described can be connected as an 
output device, either to furnish an angle signal 
or display (pointer or servo signal) or to me¬ 
chanically position a particular symbol on a wheel 
display. The symbol to be displayed can be any 
arbitrary number, letter, word, or other symbol 
selected by the designer. 

The wheel can be positioned by a servo¬ 
motor, by a step counting switch, by a D A 
converter coupled with a motor, etc. The only 
limitation on the positioning system is that it 
must be able to drive the wheel until the cor¬ 
rect symbol is displayed. 

The display may be generated by wheels 
geared together in a fixed ratio (as in an odo¬ 
meter) or with each wheel individually driven 
and positioned. A disadvantage of the second 
system is the increased frontal area required 
to accommodate the drive mechanisms. The 
number of symbols to be displayed is limited 


by the size of the wheel and by the number M 
discrete positions that can be selected. (S^ 
fig. 7-28 (D) and (E).) m 


TAPE DISPLAYS. —Rather than increase 
the size of the wheel to increase positiaj 
accuracy and to increase the number of 
that can be displayed, tape displays are 
quently used (fig. 7-28F). The small wl 
simply acts as an idler wheel for a tape be* 
a large group of symbols. This system 
several advantages, but the primary advant 
is that it provides a clearly legible (preci* 
display in a minimum of space. Many “game^ 
can be played with the tape system to incre* 
packing density. The digits of several tape* 
may be alined and projected. The depths of the 
tapes can be staggered, making it possihk 
to package the drive mechanisms in line wi^ 
the tapes. The tape can be coded and m$j 
actually carry the control wiring for its owe 
positional drive motor, simplifying external wiij 
ing. 


PLOTTERS. — Digital computers frequently 
use plotters to represent two properties of .j 
variable: latitude and longitude, altitude any 
bearing, amplitude and time, etc. Most digit^ 
plotters are simply plotters which already exia 
for analog systems, with the computer merely 
furnishing signals through D A converters a* 
the input signals. 

The plotter may be either of the recordinj 
or the nonrecording type. The digital data dis¬ 
played (plotted) are a series of discrete values 
If the points are redily distinguishable fron 
each other, more than one curve may be plottqj 
at one time. The plot is affected by the numbq, 
and type of recording heads, the speed of raj 
sponse, and the rate of travel. Since it require 
no motion, the nonrecording CRT is one of tU 
fastest plotting systems, and is one of the moq 
commonly used. 

Another common system, the moving ribbq 
recording oscillograph, uses pencil or pen oi 
regular or graph paper, pressure-sensitive paper 
electrosensitive paper, Xerography, photograplw 
or waxed paper. The motion of the paper gen^ 
rates one dimension (generally the time, con¬ 
trol, or X coordinate), while the lateral motia 
of the recording device generates the secom 
dimension. 


In other systems the recording device £ 
moved in both the X and the Y coordinates ovg 
a stationary surface. This is the principle ^ 
the oscilloscope and the DRT table. A direq 
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Hgital control divides the X-Y plane into dis- 
jrete points, determined by the matrix. A buffer 
jtage may be necessary between the measured 
roltage and the converter, in order to insure 
sufficient power to drive the mechanical device, 
rhe buffer may be gated to accept a signal only 
ipon command from the computer, or it may be 
jated continuously. 

Selection of the type plotter for use if fre- 
juently made on the basis of the input signal, 
flowly varying signals may use a mechanical 
tevice, while rapidly varying signals may re- 
juire a more rapid system. Figure 7-28 (G) 
llustrates a display of Cartesian coordinates 
)y means of individual lights. 

OPERATIONAL CIRCUITS. —Another set of 
Jutputs commonly used in military computers 
s the operational outputs; actual command and 
jontrol signals to other systems or subsystems, 
rhey may be in any of the forms previously 
liscussed. 

This operational control capability is one of 
;he most dramatic and most respected proper¬ 
ties of digital computers. It makes possible 
he automatic factory, the automatic system 
Jest, and the crewless tanker. The computer 
ian do many things faster than men, and it 
Jan do many things better than men. However, 
t can do neither if it is not properly maintained 
and properly applied. 


ANALOG VS DIGITAL COMPUTERS 

Any comparison is complicated by the fact 
hat the two techniques are fundamentally dif¬ 
ferent, even though both may be used to achieve 
he same end result. Thus, a general comparison 
>f analog and digital computers is not possible. 
Each factor must be considered in regard to a 
particular problem. 

PRECISION 

A most significant difference in analog and 
iigital methods is the different degrees of pre- 
Jision. 

The precision of an analog computer can be 
Increased up to a certain point. Beyond this 
point, the physical size and weight, solution 
time, failure rate, etc., increase beyond all 
proportion to an increase in precision. In a 
iigital computer the size and weight, solution 
time, failure rate, etc., is increased approxi¬ 
mately proportional to the amount of the increase 


in precision. Where solution time is critical, 
precision exceeding the most demanding weapons 
system requirements is easily obtained in a 
digital computer. When solution time is not 
critical, the precision of a digital computer 
is unlimited, because the problem can be handled 
in parts. 


SOLUTION TIME 


The question of solution time is not as 
clear-cut as most other criteria of computers. 
The simplest digital computer capable of solv¬ 
ing a given problem will usually require more 
time for the solution than the simplest analog 
computer, as is the case for problems encountered 
in weapon systems. On the other hand, a more 
complex digital computer is often faster than 
the analog computer. The comparison of solution 
time is further complicated because of the 
fundamental differences in the nature of the 
output data. The analog computer produces con¬ 
tinuous output data. While the interval between 
the time the first input data is available and 
the time the first usable output data is available 
may be large, any changes in the inputs are 
very quickly reflected in the output data. The 
digital computer requires the same amount of time 
to process the first input data as it requires to 
process all subsequent inputs. 


RELIABILITY 


The analog computer has proven more reliable 
than simple digital computers in the past. Con¬ 
versely, digital computers with extensive self¬ 
checking and error-detecting features are usually 
more reliable than analog computers. The re¬ 
liability advantage of analog computers over 
digital computers is decreasing as development 
of digital devices continues. 


CAPABILITIES 


The area of capabilities is one in which few 
conclusions can be drawn. Almost all mathe¬ 
matical problems which can be handled by one 
type of computer can be handled by the other. 
The only generalization which can be made is 
that the analog computer is better suited to 
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handling single problems involving continuous 
quantitative computation, while the digital com¬ 
puter is better suited to handling multiplex 
problems involving logical decisions. 


COMPUTER APPLICATIONS 

Computers already perform many functions 
in naval weapons systems, particulary in fire 
control, and can be expected to perform many 
more functions in the future. Tracking, pre¬ 
diction, missile control and guidance, and tactical 
display problems are handled by computers. 

Since analog techniques are particularly suited 
for continuous quantitative calculations, and dig¬ 
ital techniques for discrete logical calculations, 
the use of both types in the same system is 
practical. As pointed out earlier, however, the 
necessity for converting data from analog-to- 
digital and digital-to-analog form is required, 
as is shown in figure 7-29. The input data for 
fire control systems are almost always in analog 
form. Tracking data must also be in analog form 
to be useful. Therefore, if a digital computer 


is used, data conversion is necessary whether 
an analog computer is used or not. 


DIGITAL COMPUTER Mk 152 


Digital Computer Mk 152 is a general purpose 
stored-program real-time digital data-pro- 
cessing device used to solve Talos, Terrier, 
and Tartar fire control problems and to control 
operation of the weapons system. 


FUNCTIONS 


Principal functions performed by the computer 
in a typical shipboard installation are summarized 
as follows: 


• Communications with other elements of 
the weapons system in time-multiplexing fashion 
through an interfacing device. 



Figure 7-29. —Complex fire control computing system. 
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• Operation in conjunction with ancillary or 
peripheral equipment as, for example, the Input/ 
Output Console Mk 77; acceptance of data loaded 
through a keyboard or tape reader; and output 
of data which may be monitored through a per¬ 
forator and printer. 

• Performance of logical, sequential, and 
arithmetic operations required to solve fire 


control problems and to control weapons sys¬ 
tem units. 

• Utilization of a priority scheme having 
decision-making capabilities. 

• Performance of self-test functions manu¬ 
ally and automatically for itself and for periph¬ 
eral equipment under the control of the computer 
test programs. 
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Figure 7-30. —Block diagram of a typical computer complex. 
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Figure 7-31. —Computer equipment in common usage. 
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VEAPONS SYSTEM RELATIONSHIP 

You will remember from your study of chapter 
tree that a typical shipboard weapons system 
jomprises several subsystems, including (1) a 
?ire Control System (FCS), (2) a Weapon Di¬ 
rection System (WDS), (3) a Guided Missile 
jaunching System (GMLS), and (4) guided mis- 
tiles. Each of these subsystems is itself composed 
>f one or more major pieces of equipment, 
rhe computer is one piece of major equipment 
hat functions within the FCS along with other 
najor equipment including the director and fire 
sontrol radar set. Fire control systems utilizing 
'arious modifications of the Mk 152 computer 
leries are installed on many different ship 
lasses. 

Computer Complex 

Figure 7-30 is a block diagram of a typical 
omputer complex. Other ship classes have 
imilar configurations. The components which 
omprise the computer complex along with a brief 
ascription of their functions are as follows: 

• Digital Computer Mk 152 Series is the 
eart of the computer complex and interfaces 
irectly with all other units. 

• Input/Output (I/O) Console Mk 77 is used 
rimarily to load into the computer through a 
eyboard or tape reader and to monitor data 
utputs from the computer through a tape per- 
>rator and printer. 

• A Signal Data Converter (SDC) is shown 
i figure 7-30. Some type of converter is used 
n all digital ships to allow communications 
etween the digital computer and weapons sub- 
ystem units. 

• Digital Data Recorder (DDR) Mk 19 is 
large-capacity medium-speed storage system 
ith capability either of receiving data from the 
imputer and recording it on magnetic tape or 
: retrieving data which has been previously 
^corded on magnetic tape and transferring it 
• the computer. 

• Motor Generator Set Mk 9 converts 208 
)lts a-c 60 Hz 3-phase power or 416 volt a-c 
) Hz 3-phase power to 115 volt a-c 400 Hz 
•phase power for operating equipment com- 
Ising the computer complex. 

Dmputer Group 

The computer may be connected to a variety 

peripheral equipment including any of the 
llowing devices: 


Paper-tape reader-punch units 
Magnetic-tape systems 
High-speed printer units 
Card reader-punch units 
Teletype printer units 
Display and display interface units 
Radars and radar adapter units 
Manual entry devices 

It is impractical to describe in this chapter all 
possible peripheral equipment which are, or could 
be, connected to the computer. Consequently, 
figure 7-31 depicts only the most commonly used 
computer group equipment. 

DESCRIPTION 


The Mk 152 digital computer is capable of 
solving any problem liable to solution by stand¬ 
ard mathematical techniques; it can also perform 
most data processing functions. Logic in the 
Mk 152 computer is divided into four functionally 
definable sections discussed previously in this 
chapter. They are control, arithmetic, memory, 
and input/output as depicted in figure 7-1. 

The Mk 152 digital computer in the Tartar 
fire control system, as an example, is housed 
in a single cabinet that contains the power sup¬ 
ply, logic circuits, core memory, maintenance, 
and control panel, and a cooling system. Logic 
modules are encapsulated printed circuit cards 
which plug into the wired chassis of easily ac¬ 
cessible pull-out drawers. The front of each 
drawer is the associated portion of the com¬ 
puter control panel. 

Using designation data, the computer gener¬ 
ates orders to drive the director to the designated 
target position. If needed, the computer initiates 
a search pattern to enable the radar to acquire 
the target. During tracking, the computer gen¬ 
erates tracking rates for the director and, on the 
basis of tracking data, generates launcher and 
missile orders that program the missile for 
flight toward a predicted point of intercept. The 
computer also controls pulse repetition rate 
and radiofrequency decisioning for the fire control 
radar. In addition, the computer supplies 
engagement data to the Weapon Direction System. 

Signal Data Converter Mk 72 in the inter¬ 
face between the existing analog portion of the 
fire control system and the Fire Control Com¬ 
puter Mk 152. Operating under computer control, 
it performs analog-to-digital and digital-to- 
analog conversions. The converter’s design allows 
for expansion or adaptation to other systems. 
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CHAPTER 8 


FUNDAMENTALS OF FIRE CONTROL RADARS 


Radar is a term derived from Radio De¬ 
tection And Ranging, and signifies a method 
whereby radio waves are employed to detect the 
presence and location of objects in space. 

Target detection is accomplished by trans¬ 
mitting a beam of high-frequency energy over 
the area to be searched or scanned. When the 
energy strikes a reflecting surface, a small 
portion of the energy is reflected or reradiated 
toward the original radiating source, where a 
sensitive receiver located near the transmitter 
detects the echo pulse and, therefore, the pre¬ 
sence of the target. 

To determine the target’s position in space, 
it is necessary to find its three positional co¬ 
ordinates (range, bearing angle, elevation angle) 
within a required frame of reference. 

In this chapter we will first discuss special 
circuits and devices used in fire control radars 
followed by a presentation of the principles and 
fundamental elements that make a fire control 
radar system perform. 


SPECIAL CIRCUITS AND DEVICES 

We will now examine special circuits such as 
counting circuits, coincidence circuits, and time- 
delay circuits, along with basic principles of the 
cathode-ray, direct-view storage, magnetron, 
klystron, and traveling wave tubes. 

If you have any trouble understanding the 
subject matter presented in this chapter, it will 
be to your benefit to study or to review Basic 
Electronics . NAVPERS 10087-C, 

COUNTING CIRCUITS 

The positive diode counter circuit is used in 
timing or counting circuits which depend upon a 
proportional relationship between the output volt¬ 
age and the number of input pulses. It may 
indicate frequency, it may count the r.p.m. of 
a shaft or other device, or it may register a 


number of operations. The diode counter estab¬ 
lishes a direct relationship between the input 
frequency and the average d-c voltage. As the 
input frequency increases the output voltage also 
increases; conversely, as the input frequency de¬ 
creases the output decreases. In effect, the posi¬ 
tive diode counter counts the number of positive 
input pulses by producing an average d-c output 
voltage proportional to the repetition frequency of 
the input signal. For accurate counting, the pulse 
repetition frequency must be the only variable 
parameter in the input signal. Therefore, careful 
shaping and limiting of the input signal is essential 
to insure that the pulses are of uniform width, 
or time duration, and that the amplitude is 
constant. When properly filtered and smoothed, 
the d-c output voltage of the counter may be used 
to operate a direct reading indicator. 

The basic solid-state counter circuit is shown 
in figure 8-1A. Solid-state and electron tube 
counters operate sufficiently similar to warrant 
simultaneous treatment. (To change figure 8-lA 
to an electron tube circuit, diode tube symbols 
would be used in place of CRl and CR2 and would 
be labeled Vl and V2.) 

Capacitor Cl is the input coupling capacitor. 
Resistor Rl is the load resistor, across which the 
output voltage is developed. For the purpose of 
circuit discussion, it is assumed that the input 
pulses are of constant amplitude and time dura¬ 
tion, and that only the pulse repetition frequency 
changes. 

As shown in figure 8-1B, at time t~ the posi¬ 
tive going input pulse is applied to Cl and causes 
the anode of CR2 to go positive. As a result, 
CR2 conducts and current i flows through Rl 
and CR2 to charge Cl. Current i develops an 
output voltage (e^) across Rl as shown. 

The initial heavy flow of current produces a 
large voltage across Rl, which tapers off exponen¬ 
tially as Cl charges. The charge on Cl is deter¬ 
mined by the time constant of load resistor Rl, 
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Figure 8-1. — Positive diode counter and wave¬ 
forms. 


the conducting resistance of the diode, in series, 
and the capacitance of Cl. For ease of explana¬ 
tion, it is assumed that Cl is charged to the 
peak value before t^. 

At time t the input signal reverses polarity 
and becomesnegative going. Although the charge 
on the capacitor Cl cannot change instantly, the 
applied negative voltage is equal to or greater 
than the charge on Cl so that the anode of CR2 
is made negative, and conduction ceases. When 
CR2 stops conducting, output pulse e Q is at zero, 
and Cl quickly discharges through CRl since 
its cathode is now negative with respect to ground 
(anode is grounded). Between times t and t 2 
the input pulse is again at zero level, and CR2 
remains in a nonconducting state. Since the very 
short time constant offered by the conduction 
resistance of CRl and Cl is much less than the 
long time constant offered by CR2 and R1 during 
the conduction period, Cl is always completely 
iischarged between pulses. Thus, for each input 


pulse there is a precise level of charge de¬ 
posited on Cl. For each charge of Cl an identical 
output pulse is produced by the flow of i through 
Rl. Since this current flow always occurs in the 
direction indicated by the solid arrow (fig. 8-1A), 
the d-c output voltage is positive with ground. 

At time t 2 the input signal again goes positive, 
and the cycle repeats. The time duration between 
pulses is the interval represented by the period 
between t^ and t 2 or between t g and If the 
input pulse frequency is reduced, these time 
periods become longer. On the other hand, if 
the frequency is increased, these time intervals 
become shorter. With shorter periods, more 
pulses occur in a given time and a higher 
average (d-c) output voltage is produced; with 
longer periods, fewer pulses occur and a lower 
average output voltage is produced. Thus, the 
d-c output is directly proportional to the repeti¬ 
tion frequency of the input pulses. If the current 
and voltage are sufficiently large, a direct reading 
meter can be used to indicate the count; if they 
are not large enough to actuate a meter directly, 
a d-c amplifier may be added. In the latter case, 
a pi-type filter network is inserted at the output 
of Rl to absorb the instantaneous pulse variations 
and produce a smooth direct current for ampli¬ 
fication. 

Consider now some of the limits imposed on 
solid-state circuit operation. Since the semi¬ 
conductor diode has a finite reverse resistance, 
there is a flow of reverse current during the 
periods when the diode is supposedly in a non¬ 
conducting condition. Although this reverse flow 
is small at normal temperatures (on the order 
of microamperes), it increases as the tempera¬ 
ture rises. Therefore, at high temperatures the 
average output voltage will tend to decrease be¬ 
cause of the effects of diode CR2. 

From the preceding discussion it is evident 
that the voltage across the output varies indirect 
proportion to the input pulse repetition rate. 
Hence, the average current through Rl increases 
or decreases as the pulse repetition rate (fre¬ 
quency) increases or decreases. In order for the 
circuit to function as a frequency counter, some 
method must be employed to utilize this fre¬ 
quency to voltage relationship to operate an indi¬ 
cator. The block diagram in figure 8-2A repre¬ 
sents one simple circuit which may be used to 
perform this function. In this circuit, the basic 
counter is fed into a low pass filter, which controls 
an amplifier with a meter calibrated in units of 
frequency. 

A typical schematic diagram "s shown in 
figure 3-2B, The positive pulses from the counter 
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Figure 8-2. — Basic frequency counter. 


are filtered by C2, R2 and C3. The positive d-c 
voltage from the filter is applied to the input 
of Al. This voltage increases with frequency, 
and as a consequence the current through the 
device increases. Since emitter or cathode cur¬ 
rent flows through Ml, an increase in amplifier 
current causes an increase in meter deflection. 
The meter may be calibrated in units of fre¬ 
quency, revolutions per minute, or any function 
based upon the relationship of output voltage to 
input frequency. 

The step-by-step counter is used as a voltage 
multiplier when it is necessary to provide a 
stepped voltage to any device which requires such 
an input. The step-by-step (or step) counter 
provides an output which increases in one-step 


increments for each cycle of input. At some pre¬ 
determined level, the output voltage reaches a 
point which causes a circuit, such as a blocking 
oscillator, to be triggered. 

A schematic diagram of a positive step-by- 
step counter is shown in figure 8-3A. With no 
signal applied to the input, there is no output. 
As the input signal is applied, and increases in 
a positive direction, the anode of CR2 or V2 
becomes more positive than its cathode, and the 
diode conducts. When CR2 or V2 conducts, capaci¬ 
tors Cl and C2 begin charging. 

The action of the counter can best be under¬ 
stood by referrring to figure 8-3B. Assuming 
C2 to be ten times as large as Cl and the peak 
to peak input voltage to be 1 00 volts, Cl assumes 
nine-tenths of the positive input voltage swing at 
G, while C2 assumes only one-tenth or, in this 
example, 10 volts. At time ti, the input drops 
in a negative direction, and CR2 or V2 is driven 
into cutoff. The cathode of CRl becomes more 
negative than its anode, and the diode conducts, 
discharging Cl. The charge on C2 remains, how¬ 
ever, because it has no discharge path. Thus, 
there is a d-c voltage at the output which is 
equal to one-tenth of the input. 

At time t2» the input again increases posi¬ 
tively, but this time CR2 cannot conduct until 
the input becomes greater than 10 volts, the 
charge on C2. At this level, CR2 conducts and 
C2 again charges to one-tenth of the total available 
voltage. The total voltage available at this time, 
however, is no longer 100 volts, but 100 volts 
minus the 10-volt charge on C2. 
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Figure 8-3. — Basic step counter circuit and waveforms. 
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Thus, the first cycle of input produced a 
10-volt charge on C2, hut the second cycle added 
only an additional 9 volts, which is one-tenth 
the quantity of 100 volts minus the 10-volt charge 
on C2. Each additional cycle provides an exponen¬ 
tial increase in the same manner. It is for this 
reason that the accuracy decreases as the ratio 
increases. Thus, as the ratio becomes too great, 
the higher steps become almost indiscernible. 
When the counter is used to trigger a blocking 
oscillator, such as the one shown in figure 8-4, 
the oscillator bias is adjusted by the potentiom¬ 
eter R2. This changes the amount of emitter or 
cathode voltage which determines the step that 
will cycle the blocking oscillator. When the oscil¬ 
lator draws current, it discharges C2 and the 
cycle repeats. The step counter, therefore, be¬ 
comes a frequency divider supplying one output 
trigger for a number of input triggers. 

Explicit explanation of this circuit varies with 
driving source reference levels and type of 
output load circuit. For example, the input wave¬ 
form may only vary above and below a zero 
reference in contrast to the waveform in figure 
8-3 which only varied in a positive direction 
from the zero reference. Figure 8-5 illustrates 
this input and the resulting output. 

Note that the step at t ^ is higher in amplitude 
than the step at to in contrast to the smaller 
increments in amplitude illustrated in the descrip¬ 
tion of figure 8-3. This is because at to* 50 volts 
is applied and C2 charges to one-tenth this value. 
At ti, Cl not only discharges its 45-volt charge, 
but it charges to 50 volts in the opposite direc¬ 
tion, through CRl. At t^, the input again goes to 
the positive 50-volt level and will be additive to 
the 50 volts across Cl. C2 will charge an additional 
9.5 volts, since this is 10% of the 100 volts 




167.757 

Figure 8-4. — Counter triggering blocking oscil¬ 
lator circuit. 


applied m'nus the 5-volt charge already on C2. 
Thus, at t2, the charge on C2 reaches 14.5 volts. 

Succeeding charges will be 10% of the 100- 
volt charge minus the existing charge on C2 at 
that time. Therefore, the output is affected be¬ 
cause the initial input charge was only half the 
total peak charge. However, if C2 is discharged by 
a circuit such as the blocking oscillator just 
mentioned, the second staircase waveform will be 
like that in the initial description (fig. 8-4). 
This is because Cl now has a 50-volt negative 
charge from preceeding alternations so that on 
the next positive going charge after C2 is dis¬ 
charged, the full 100-volt swing is felt across 
the circuit. 

Another condition may exist when the input 
swings both positive and negative around a zero 
reference. This condition occurs if the initial 
alternation swings in the negative direction, 



Figure 8-5. — Input waveform varying about zero and resulting output. 
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charging C2 through CRl, thus providing the entire 
100-volt potential on the first positive swing or 
second alternation. Other first cycle conditions 
will exist if the input only goes negative with 
respect to a zero reference. These examples il¬ 
lustrate the variety of first cycle conditions that 
may be encountered. 

As previously mentioned, counting stability 
is dependent upon the exponential charging rate 
of C2. When it is desired to count by a large 
number, for example—24, a 6:1 counter and a 
4:1 counter connected in cascade may be used. 
A more stable method of counting 24 would be to 
use a 2:1, a 3:1 and 4:1 counter in cascade. Most 
step counters operate on ratios of 5:1 or less. 
The waveforms of a 4:1 frequency divider are 
shown in figure 8-6. 

A solid-state step-by-step counter which uses 
tunnel diodes is shown in figure 8-7A. Resistor 
Rl sets the bias for CRl through CR5 in their 
low voltage state. Positive pulses coupled through 
Cl sequentially switch the diodes to their high 
voltage state. Tne first pulse turns on CRl, 
the second CR2, the third CR3, the fourth CR4, 
and the fifth CR5. When CR5 goes to its high 
voltage state, Ql is biased into conduction. Con¬ 
sequently, the voltage from the collector of Ql 
to ground is reduced to a value which will cause 
the diodes to revert to their low voltage state, 
allowing the cycle to repeat. 

Figure 8-7B shows the various voltage wave¬ 
forms in the circuit. C2, C3 and Ll provide a 
slight delay which allows CR5 to complete switch¬ 
ing to its high voltage state before Ql conducts 
and recycles the operation. A five-step positive 
going stairstep voltage waveform is developed at 



Figure 8-6. — Voltage across C2 in a 4:1 counter. 


the output. Details of tunnel diodes are discussed 
in chapter 15 of Basic Electronics, NP 10087-C, 
Volume 1. 

COINCIDENCE CIRCUITS 

A coincidence circuit produces an output 
only when each of its selected inputs is of suf¬ 
ficient amplitude, proper polarity, and concur¬ 
rent in time with its desired mate or mates. 
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Figure 8-7. — Positive tunnel diode step-by-step 
counter and waveforms. 
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Coincidence circuits are also known as AND both the control grid and suppressor grid, in 

SATES when used in digital logic applications. order for the tube to conduct. 


Figure 8-8 depicts a three-input coincidence 
circuit and its associated waveforms. The polari¬ 
ties shown are correct for NPN transistors and 
electron tubes. For PNP transistors all polari¬ 
ties would be reversed, all polarities are refer¬ 
enced to ground unless otherwise noted. 

All the devices are connected in series, and 
are biased into cutoff. Tnere can be no current 
flow until all the devices are caused to conduct. 
During the period of time all inputs are suffi¬ 
ciently positive, the devices conduct heavily. This 
conduction produces a negative going pulse at the 
output. If any one input is absent, no ampli¬ 
fier current flow is possible, and the output will 
be simply some constant value of positive voltage. 

Figure 8-9A illustrates a pentode electron 
tube coincidence circuit. The control grid and 
suppressor grid are biased sufficiently negative 
with respect to the cathode to allow either grid 
to hold the tube cut off. As shown in figure 8-9B, 
positive voltages must exist simultaneously, on 


TIME-DELAY CIRCUITS 

Time-delay circuits (delay circuits) are 
special control circuits used in various elec¬ 
tronic systems, particularly in radar systems. 
These circuits are used to delay a waveform, 
which in turn produces a delayed action. The 
more common types of delay circuits are the 
RC, the phantastron, and the delay line (artifi¬ 
cial lines). 

RC Delay Circuit 

In the RC delay circuit (fig. 8-10) the VI con¬ 
trol grid is connected to a positive voltage and 
Vl normally conducts heavily. Thus, plate volt¬ 
age is low and C2 is charged to this low voltage. 
The input to Vl is derived from a multivibrator 
timer and is a negative square wave. The leading 
edge of this square wave is time zero, and it is 
at this time that the circuit is triggered. The 
leading edge of this square wave cuts off Vl 
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Figure 8-8. — Basic coincidence circuit and waveforms. 


263 


Digitized by 


Googl 



FIRE CONTROL TECHNICIAN (M) 3 & 2 





B 


179.640 

Figure 8-9. —Pentode electron tube coincidence 
circuit and waveforms. 


the static condition of Vl conducting heavily and 
V2 cut off. 

Phantastron Circuit 

The phantastron circuit is used to generate 
a rectangular waveform, or linear sweep, whose 
duration is almost directly proportional to a con¬ 
trol voltage. Because of its extreme linearity 
and accuracy, this waveform is used as a delayed 
timing pulse, usually in radar or display equip¬ 
ment. It is also used to produce time-delayed 
trigger pulses for synchronizing purposes and 
movable marker signals for display. The phan¬ 
tastron circuit may be considered a special type 
of multivibrator circuit. 

In the basic phantastron circuit (fig. 8-11), 
Vl may be thought of as a double triode with the 
plate, grid 3, and the cathode serving as one 
section, and grids 2 and 4, grid 1, and the 
cathode, serving as the second section. 

Before a trigger is applied, the triode sec¬ 
tion comprising grids 2 and 4, grid 1, and the 
cathode is conducting. Grid 1 is returned to B+ 
through R5, which limits the grid 1 current to a 
low value, and grid 1 is at cathode potential. 


which was normally conducting. Plate voltage of 
Vl cannot rise instantly because of the time re¬ 
quired to charge C2. Although C2 charges at an 
RC rate, during the first 10 percent of time the 
change in voltage is linear. V2 is normally cut 
off by a voltage divider network in the grid cir¬ 
cuit which places a minus 19.5 volts on the grid. 
The linear change in voltage at the plate of Vl 
is coupled to the grid of V2 causing it to go 
positive and overcome its bias. The delay is a 
function of the bias applied to the grid of V2 and 
the rate of charge of C2. When the bias is over¬ 
come, V2 conducts and the blocking oscillator 
action produces a pulse output. A positive pulse 
output may be taken from the cathode and a 
negative pulse from across the plate load re¬ 
sistor. The blocking oscillator action in the grid 
circuit charges both C2 and C3 in a negative 
direction. This causes the plate voltage of Vl to 
decrease and keeps Vl from again triggering V2 
immediately. Before C2 can again become posi¬ 
tively charged to the point that it can trigger V2, 
the short RC in the grid of Vl has allowed Vl to 
conduct. Therefore, the circuit has returned to 
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Figure 8-10. —RC delay circuit. 
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Figure 8-11. —Basic phantastron circuit. 


The triode section comprised of the plate, grid 
3, and the cathode, is cut off. This cutoff is due 
to the relationship of Rl, R2, and R3. The voltage 
across Rl is less than that across R3, making 
grid 3 negative with "respect to the cathode. 

A positive trigger on grid 3, at time 1, 
causes plate current to flow, and the voltage 
across R4 causes the plate voltage to drop from 
the B+ value. Initially, C2 is charged to the B+ 
voltage (the voltage across R5).When plate cur¬ 
rent flows, the voltage across R5 exceeds the 
B+ value by an amount equal to the drop across 
R4. This action causes the voltage of grid 1 
to swing in a negative direction the same amount 
as the decrease in plate voltage. 

The reduction in grid 1 voltage causes the 
8creen grid (2-4) current to drop to almost 
cutoff. The net decrease in cathode current 
lowers the cathode voltage to almost zero. The 
plate resistor, R4, is relatively high in resis¬ 
tance so that the plate current is limited to a 
small part of the total cathode current. 

This action permits plate current to flow 
without affecting the screen cutoff bias on grid 
1 for the period between time l and time 2 even 
^er the initiating trigger through Cl has been 
removed. 


During the interval from time 1 to time 2, 
C2 discharges through R5, and the voltage on 
grid 1 slowly rises (the drop across R5 de¬ 
creases with the decrease in voltage on C2). 
This action causes plate current to rise and 
plate voltage to fall as C2 continues to discharge. 
When the plate voltage falls to a low value, 
electrons begin to flow to the screen grid in¬ 
stead of to the plate. This action causes plate 
voltage to stop falling (at time 2) and to begin 
to rise. C2 couples this rise to gridl and quickly 
returns the grid 1 voltage to its original value. 

While the grid 1 voltage returns quickly to 
normal at time 2, plate voltage increases slowly 
to the B+ level during the interval from 2 to 3 
as C2 charges through R4 (long time constant, 
R4C2). This action is a disadvantage in that a 
relatively long time must pass before another 
trigger can be applied. 

By connecting the plate of Vl to the grid 
of a cathode follower, V2, the variations of the 
plate voltage can be reproduced across the 
cathode resistor, R8 (fig. 8-12) and the charge 
path of C2 (through V2) will have a short time 
constant (R3C2). Capacitor C2 is now connected 
between grid 1 of Vl and the cathode of V2. 
This allows C2 to charge quickly through the 
low resistance of the cathode follower circuit. 
The discharge path of C2 is through the grid 
return resistor, R5. 

The addition of the diode limiter, V3, to the 
basic phantastron circuit permits the width of the 
output pulse (the plate voltage variation between 
points 1 and 2) to be varied. The plate and con¬ 
trol grid of V3 are tied together to form the 
diode plate. The cathode of V3 is connected to 
the arm of the potentiometer that is connected, 
in turn, between B+ and ground. 

For one setting of the potentiometer arm the 
plate voltage is limited to this value. Because 
the plate of Vl is connected to the grid of V2, the 
voltage to which C2 can be charged is also limited 
to the value determined by the setting of the 
potentiometer arm. 

The width of the output pulse depends upon 
the length of time it takes for capacitor C2 to 
discharge from the plate voltage at time 1 to a 
low value (a few volts) at time 2. The higher the 
initial voltage setting on the potentiometer arm, 
the longer the pulse width will be. As C2 dis¬ 
charges (following the application of a positive 
trigger voltage on grid 3), the Vl plate voltage 
falls. This action makes the V3 diode plate 
negative with respect to its cathode so that it 
does not conduct, and the Vl plate is not “caught” 
but is free to follow the voltage decrease on 


265 


Digitized by 


Google 




FIRE CONTROL TECHNICIAN (M) 3 & 2 



Figure 8-12. — Modified phantastron circuit. 


109.99 


the Vi plate. At the end of the pulse, the Vl 
plate voltage rises but cannot exceed the voltage 
on the potentiometer arm except by a slight amount. 

This action causes the V3 plate to be positive 
with respect to its cathode so that V3 conducts 
through R4, which holds the Vl plate voltage to 
approximately the voltage at the potentiometer 
arm. 


Delay Lines 

Artificial delay lines (sometimes referred to 
as artificial transmission lines) operate by virtue 
of the finite velocity with which the signal travels 
along the delay line. For open-wire lines there is 
practically no difference in the velocity of pro¬ 
pagation of the signal as compared with the velocity 
of propagation in free space, so that multiples 
of a physical quarter-wavelength of line must be 
used to produce the delay. This results in long 
and bulky lines. Therefore, artificial lines con¬ 
sisting of lumped values of inductance and capa¬ 
citance are connected together in low-pass filter 
arrangements as shown in figure 8-13, to provide 
the desired characteristics. Since a real trans¬ 
mission line has uniformly distributed inductance 
and capacitance, artificial lines can, in a small 
space, provide the electrical equivalent of a long 
line. 


The manner in which the artificial delay line 
is used in a circuit determines how it functions. 
There are three forms of operation. One form is 
that of a simple delay line which delays the input 
pulse or signal by a period of time equal to the 
time it takes to traverse the line; in this case 
the termination of the signal initiates circuit 
action after a predetermined delay time. In the 
second form, the input pulse or signal is per¬ 
mitted to traverse the line, be reflected, and 
return to the origin, before circuit action is 
initiated. In the third form the line is charged 
to a specific storage level and is then dis¬ 
charged to form a precise pulse with a duration 
equal to the discharge-delay period. In each of 
these forms of operation, performance is gen¬ 
erally based upon the theory of charge and 
discharge of an ideal lossless transmission line. 
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In the case of the simple delay line, the line 
is terminated in its characteristic impedance 
(the input need not be terminated unless power 
transfer is required, since there is no reflec¬ 
tion). Assume the simple balanced T section 
equivalent circuit as shown in figure 8-14. As 
far as the input circuit is concerned, the arti¬ 
ficial transmission line appears as though it 
were a resistor equivalent to the characteristic 
(surge) impedance of the line (Rq). Assume that 
a rectangular l-microsecond pulse is applied, 
and that a delay of 1 microsecond is desired. 
(The delay line is usually placed in series with 
the grid of a trigger circuit.) Let us also as¬ 
sume that a negative trigger is required to ini¬ 
tiate action. 

At the beginning of the cycle (time t ), the 
positive pulse is applied to the line input at 
terminals 1-2. Immediately, the voltage across 
the line input rises to the pulse value (input is 
unterminated). At the load end of the line, 
however, no voltage as yet appears. Since the 
line constants are chosen for a 1-microsecond 
delay, it takes this length of time for the initial 
pulse to travel to the end of the line (because of 
the relatively low velocity of propagation of the 
line). During this interval, capacitor C is being 
charged through inductor Ll. At timet 2 (1 micro- 
second later), capacitor C is charged and the 
pulse voltage now appears at output terminals 
3-4, across RL. Note this is still the leading 
edge of the initial pulse. At time t 2 the initial 
pulse terminates and the input voltage across 
terminals 1-2 drops to zero. Capacitor C now 
discharges through inductor L2 until time t~. 
When time t„ is reached, the capacitor is corn- 
pletely discharged and the voltage across RL 
drops to zero. Thus, 2 microseconds after the 
start of the initial pulse, the negative trailing 
edge of the pulse appears at the grid of the 


Ll L2 



trigger tube, and the trigger is initiated (by the 
trailing edge of the pulse) with a 2-microsecond 
delay. 

In practice, a number of sections of L and C 
are required to provide pulse transfer and delay 
without distortion. 

A simplified circuit for producing a rectan¬ 
gular pulse by the use of an artificial transmis¬ 
sion line is shown in figure 8-15. The char¬ 
acteristic impedance of the transmission line is 
2,500 ohms. The resistor, R2, across which the 
output pulse is to be developed is equal to this 
characteristic impedance. Resistor Rl, through 
which the line is charged, is made very much 
larger than the characteristic impedance so that 
it is an apparent open circuit during the dis¬ 
charge of the line. The capacitors are all charged 
to 600 volts if switch S is left open for a suffi¬ 
cient time. If the switch is closed after the line 
has been charged, a current immediately starts 
to flow through Rg. The line may be considered 
as a battery with an internal impedance of 2,500 
ohms during the discharge time. The voltage 
across R g is one-half the voltage to which the 
line was charged, or 300 volts, since half the 
available voltage is lost across the 2,500-ohm 
internal impedance. If the network consisted only 
of capacitors, the discharge would follow an ex¬ 
ponential curve, and the voltage across R^ would 
not be constant. However, the inductance and 
capacitance of the line are so designated that the 
discharge rate is practically constant. 

The discharge of the artificial line can be 
explained best as follows: At the instant that the 
switch S (fig. 8-15) is closed, the voltage at 
point A falls to 300 volts. This can be looked 
upon as a traveling wave of -300 volts applied at 
point A to reduce the voltage th^re immediately 
from 600 to 300 volts. As the wave moves from 
A to B the voltage across the line is reduced 
from 600 to 300 volts. On reaching point B, the 
wave sees an open circuit, since resistor R is 
very large. The wave is reflected without change 
in sign, and immediately reduces the voltage at 
point B from 300 volts to zero as the wave 
travels back to point A; and the remaining 300 
volts across the line is canceled out. On reaching 
point A, the wave has reduced the voltage across 
all sections to zero, the wave itself disappearing 
because it is absorbed by a load which matches 
the characteristic impedance of the line. The 
pulse formed across R 2 by the line discharge 
lasts for the time required for the traveling 
wave to move from the switch end of the line to 
the open end and back. 
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Figure 8-15.— Simple circuit for producing 
pulses. 


CATHODE-RAY TUBES 

The cathode-ray tube (CRT) is a special type 
of electron tube in which electrons emitted from 
the cathode are shaped into a narrow beam and 
accelerated to a high velocity before striking a 
phosphor-coated viewing screen. The screen 
fluoresces or glows at the point where the elec¬ 
tron beam strikes and thus provides visual wave¬ 
forms of current and voltage. The CATHODE- 
RAY OSCILLOSCOPE is a test instrument which 
uses the cathode-ray tube. The waveforms can 
be positioned on the screen so they appear 
stationary because the electron beam repeatedly 
reproduces the pattern in the same location, 
provided the horizontal motion of the electron 
beam is kept in step with the frequency of the 
signal. 

The comparison is made against waveforms 
located on the schematic diagrams. Scope pat¬ 
terns periodically taken at the test points are 
compared with these waveforms. Differences 
between the optimum waveform and the scope 
pattern indicate that corrective action is needed. 
By using the oscilloscope in this manner, dif¬ 
ficulties may be pin-pointed to a specific cir¬ 
cuit or portion of a circuit in a short time. 

The CRT is also used as the visual indicating 
device for radar, sonar, radio, direction finders, 
loran, and television. 

The beam of electrons has practically no 
weight or inertia but follows a straight line 
unless diverted by an electric or a magnetic 
field. Cathode-ray tubes are of two types accord¬ 
ing to the method of deflecting the electron beam — 
(1) electrostatic, and (2) electromagnetic. Al¬ 
most all types of test-instrument oscilloscopes 
use the electrostatic type of CRT because of 
the need for high sweep frequencies in both 
the vertical and horizontal directions. Certain 



Figure 8-16. — Construction of cathode-ray tube 
using electrostatic deflection and focusing. 


radar, sonar, and TV sets use electromagnetic 
type CRTs. Focusing or narrowing of the beam 
is achieved by either electrostatic or electro¬ 
magnetic methods. Electrostatic deflection bends 
the beam by an electric field produced by a 
deflection voltage between parallel plates inside 
the CRT. Electromagnetic reflection bends the 
beam by means of a magnetic field produced 
by a deflection current in a coil around the neck 
of the tube. 

An electrostatic type of CRT is illustrated in 
figure 8-16. The cathode, when heated by its 
enclosed filament, releases free electrons. A 
cylindrical grid surrounds the cathode and con¬ 
trols the beam intensity as electrons pass through 
the end opening of the grid. The control is 
achieved by varying the negative voltage on 
the grid in respect to the cathode and is called 
INTENSITY or BRIGHTNESS CONTROL. After 
leaving the grid, the electron stream passes 
through two or more cylindrical focusing anodes 
which narrows the beam. The first anode con¬ 
centrates the free electrons and the second anode 
increases their speed. The entire assembly is 
called the ELECTRON GUN. The electrons emerge 
from the electron gun at high speed. 

The grid helps to narrow the beam but cannot 
focus it to a sharp point on the viewing screen. 
The two anodes aid in the focusing action, as 
shown in figure 8-17. 

Both cylindrical anodes are positive with 
respect to the cathode but the second anode is 
positive with respect to the first anode. Thus, 
an electric field is established between the 
anodes as shown in figure 8-17. The electrons_ 
which are emitted from the cathode are attracted 
by the first anode. Some of the electrons pass 
through the hole in the end of the first anode 
and into the field between the two anodes. The 
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SECOND OR 
ACCELERATING 



Figure 8-17. — Electrostatic focusing. 


20.321 


purpose of the diaphragm is to prevent all 
electrons except those making a small angle 
with the axis of the beam from passing through 
the hole in the diaphragm. This serves to keep 
the beam narrow. The electrons entering the 
curved electric field between the anodes are 
subjected to inward-directed forces thereby fo¬ 
cusing the beam. As the beam passes parallel 
to the lines of force, the electrons are ac¬ 
celerated to a very high speed. Thus, the net 
result of the forces influencing the beam of 
electrons is a high speed inward-directed beam 
Jonverging at point S on the screen. The repel¬ 
ling force of like charges tends to scatter the 
electrons but they are accelerated to such a high 
speed that the scattering action is not effective 
in defocusing the beam. Nevertheless the mutual 
repulsion between electrons in relation to the 
speed of the electrons determines the sharpness 
vith which a beam may be focused on the screen. 
Hie diaphragm on the accelerating anode is used 
o stop all wide angle electrons from hitting the 
screen. 

The focus of the electrostatic type of cathode- 
’ay tube is generally controlled by varying the 
voltage between the first anode and the cathode. 
[*his voltage varies the force exerted on the 
slectrons and tends to narrow the beam. Thus, 
f the screen is observed when the first anode 
voltage is varied, the beam may be brought to 
i bright sharp spot. 

Focusing in an electromagnetic cathode-ray 
ube is achieved by a coil encircling the outside 
seek of the tube. The coil may be moved along 


the neck to a limited extent to initially focus the 
beam, but the usual method, after the focus coil 
is in the proper position, is to vary the current 
flowing through the coil with a variable resistor. 
The term “focus control” is derived from this 
function. 

Without lateral deflection, the electron gun 
produces only a small spot of light on the 
viewing screen. With deflection, the trace of 
the spot forms a line on the screen. sThe elec¬ 
trostatic-type of cathode-ray tube uses two pairs 
of deflection plates mounted at right angles to 
each other, as shown in figure 8-18. The vertical 
deflection plates (YY') deflect the beam vertically 
and the horizontal deflection plates (XX') deflect 
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Figure 8-18. — Deflection plates for electrostatic 
cathode-ray tube. 
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it horizontally. Both pairs usually function simul¬ 
taneously. The beam is attracted by the positive 
plate and repelled by the negative plate as the 
electrons pass between them. One plate of each 
pair may be grounded. To deflect the beam, a 
positive or negative voltage is applied between the 
other plate and ground, thus establishing an 
electric field between the plates. The deflecting 
force varies with the deflection voltage across the 
plates and with the field intensity. 

If plate Y is positive with respect to Y' the 
beam is deflected upward, striking the screen 
at A. If plate Y is negative with respect to Y' 
the beam is deflected downward, striking the 
screen at B. If there is no deflection voltage 
across the plates, the beam will strike the 
screen at 0. The amount of deflection varies with 
the deflection voltage across the plates. Note 
the relationship between length of line and volt¬ 
age. This characteristic makes the CRT practi¬ 
cal as a scope to serve as a voltmeter because 
the length of line (so produced) is a measure of 
the applied voltage. 

Another practical use of the scope is for 
determining polarity. If plate X is positive with 
respect to X' the beam will be deflected hori¬ 
zontally, and will strike the screen at C. If X is 
negative with respect to X' the beam will strike 
the screen at D. Both pairs of plates are mounted 
near the output end of the electron gun, with the 
vertical deflection plates farthest from the screen. 
Two centering controls (horizontal and vertical) 
enable the operator to move the spot as he 
desires, to any place on the screen. Each con¬ 
trol customarily consists of a variable resistor 
that serves as a voltage divider to enable the 
centering action. 

The deflection angle of the electron beam is the 
total angle through which the beam may be moved 
or diverted. A cathode-ray tube with a 50°deflec¬ 
tion angle can deflect the beam at any angle that 
equals (or is less than) 25° from the center line. 

The length of time that the screen glows, or 
fluoresces, at the point where the electron beam 
strikes depends on the material of the phosphor 
coating on the screen, and is known as SCREEN 
PERSISTENCE. Some cathode-ray tubes have a 
long persistence screen and others have a short 
one, depending on their use. The screen phos¬ 
phors are designated by the letter “P” followed 
by a number. Most radar indicator cathode-ray 
tubes employ PI, P4, or P7 screen phosphors. 
The Pi and P4 phosphors have medium persist¬ 
ence and give off green and white light respec¬ 
tively. The P7 screen has long persistence and 
gives off yellow light. 


All fluorescent materials have some phos 
phorescence, or afterglow, but the duration A 
the afterglow varies with the material, as wel 
as with the amount of energy in the beam causia 
the emission of light. For oscilloscopes thatajr 
to be used for observing nonrepeating phenomife 
or periodic phenomena that occur at alowrep^ti 
tion ratio, a screen material on which the imag 
will linger is desirable. Where the image changfe 
rapidly, prolonged afterglow is a disadvantage 
because it may cause confusion on the scree: 

The eye retains an image for about one 
sixteenth of a second. Thus in a motion pictu? 
the illusion of motion is created by a series?* 
still pictures flashed on the screen so rapidl 
that the eye cannot follow them as sepafat 
pictures. In the cathode-ray tube the beam 4 
repeatedly swept across the screen and tit 
series of adjacent spots appear as a continuou 
line. Thus the wave shape of an a-c voltag 
can be observed on the screen when the a 1 
voltage is applied to one pair of deflectio 
plates and simultaneously a second voltage* 
appropriate characteristics is applied to to 
other pair of plates. 

DIRECT-VIEW STORAGE TUBE 

The direct-view storage tube (DVST) is 
special type of CRT which is replacing the con 
vential CRT in many applications. TheDVSTusfe 
secondary emission of electrons to store 8 
image and provides a very bright display wil 
controlled persistence. The main difference lx 
tween the DVST and the convential CRT is Q 
addition of a storage grid, a collector grid, ai 
a viewing gun (fig. 8-19). 

The storage grid is a fine mesh screi 
placed about l/4 inch in back of the phosphi 
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screen. The side of the mesh toward the electron 
igun is coated with a dielectric material having 
t& high secondary emission ratio at the electron 
gun voltage. When electrons from the electron 
gun strike the dielectric material, electrons are 
dislodged from the material thus leaving a net 
positive charge. A coarse mesh collector grid 
connected to a positive potential located near the 
[Storage grid collects the secondary electrons 
and keeps them from falling back on the storage 
grid. 

■ The viewing gun is located near the electron 
gun and provides a flood of low-velocity electrons 
-which fills most of the tube. Electrodes (called 
collimators) on the inside glass walls of the tube 
confine this flood of electrons from the viewing 
gun to a path parallel to the axis of the tube. 
/Thus the electrons from the viewing gun are 
attracted by the positive potential on the collector 
grid and forced inward by the collimators to 
strike the storage grid perpendicular to the 
surface of the grid. The collimator voltages are 
adjusted so as to give a uniform flood of electrons 
over the entire storage grid surface. 

Most of the electrons from the viewing gun 
pass through the collector grid to the storage 
grid. At points on the storage grid where elec¬ 
trons from the electron gun have left a positive 
oharge, the viewing gun electrons pass through 
and are rapidly accelerated to the phosphor 
screen. At points on the storage grid where there 
is no stored positive charge, the potential is 
lower than the viewing gun potential and these 
points repel the viewing gun electrons. A very 
bright pattern is produced on the phosphor screen 
by a flood of low-velocity electrons rather than 
a beam of high-velocity electrons as in the con- 
vential CRT. By varying the electron gun beam 
current, and thus varying the positive charge 
on the storage grid, the DVST can display four 
or five shades of grey in addition to black and 
white. 

The DVST is erased by applying a positive 
pulse to the storage grid. The positive pulse 
causes the low-velocity electrons from the view¬ 
ing gun to be attracted to the storage surface, 
bharging the surface negative thus cutting off 
Ihe viewing gun electron flow to the phosphor 
Screen. Tube persistence is controlled by vary¬ 
ing the duty cycle of the erase pulse. 

KLYSTRON TUBES 

The klystron tube is a specially constructed 
electron tube using the properties of transit time 
and velocity modulation of the electron beam to 



produce microwave frequency operation. It can 
be used as an oscillator or an amplifier. The 
amplifier employes two or more cavities to pro¬ 
duce the proper bunching of electrons, upon 
which its function and amplifying properties are 
based. The amplifier type of klystron can pro¬ 
duce a large amount of power (up to megawatts) 
and can be used as an oscillator if proper feed¬ 
back arrangements are made. However, the re¬ 
flex klystron offers a simpler type of feedback 
arrangement and performs specifically as a 
special tube designed for oscillator operation 
alone. Although the power output of the reflex 
klystron is limited, it is adequate for receiving 
and test equipment functions and for low-power 
transm'tters. Where high power is required, 
it can be achieved by using the reflex klystron 
as a master oscillator and the conventional am¬ 
plifier type klystron as a power amplifier. Since 
microwave radiation is limited to line-of-sight 
distances, the reflex klystron usually furnishes 
sufficient power for these relatively short RF 
transmission paths. 

The operation of the klystron is based upon 
the development of velocity modulation of the 
electron beam, that is, the velocity of the elec¬ 
tron beam is controlled to produce a grouping 
or bunching of electrons. These bunches of 
electrons are then passed through grids or 
cavities to produce oscillations at the desired 
frequency by direct excitation of the cavities. 

A basic klystron (not reflex type) is shown 
in figure 8-20. The electrons from the cathode 
are attracted to the accelerator grid (No. 1), 
which is at a positive potential with respect to 
the cathode. The accelerator grid may be a 
grid structure or an annular ring (cylinder or 
sleeve) through which the electrons pass un¬ 
hindered. Assume that this attraction produces a 
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constant-velocity electron beam, which is fur¬ 
ther attracted to the next electrode, the buncher 
grids (or cavity), and then to the next electrode, 
the catcher grids (or cavity), also at a higher 
positive potential. If the output from the catcher 
is fed back to the buncher, and if the proper 
phase and energy relations are maintained be¬ 
tween the buncher and the catcher, the tube will 
operate as an oscillator. The collector plate, 
which is also at a positive potential, serves only 
to collect the electrons which pass the catcher. 
Successful operation requires that the energy 
needed for bunching be less than that delivered 
to the catcher. Amplifying action is obtained 
because the electrons pass through the catcher 
in definite bunches or groups as explained in 
the following paragraphs. 

Bunching is produced by applying an alter¬ 
nating voltage to the buncher grids (produced 
by excitation of the buncher resonator by the 
passing electron beam). Assuming that a sine- 
wave voltage is produced and applied between 
the buncher grids, it is evident that on the 
positive alternation the buncher grid nearest the 
catcher effectively has its positive potential in¬ 
creased, and therefore further accelerates the 
electron flow. On the negative alternation, the 
same buncher grid voltage is made less positive 
and the electron stream is slowed down. Since a 
continuous stream of electrons enters the bunch¬ 
ing grids, the number of electrons accelerated 
by the alternating field between the buncher grids 
on one half-cycle of operation is equalled almost 
exactly by the number of electrons decelerated 
on the negative half-cycle. Therefore, the net 
energy exchange between the electron stream 
and the buncher is zero over a complete cycle 
of alternation, except for the losses that occur 
in the tuned circuit (cavity) of the buncher. 

After passing through the buncher grids, the 
electrons move through the drift space in the 
tube with velocities which have been determined 
by their transit through the buncher grids. Since 
in a conventional klystron the drift space is free 
of any fields, at some point in this drift space 
the electrons which were accelerated will catch 
up with those which were previously decelerated 
(in a prior passage) to form a bunch. The catcher 
grids are placed at this point of bunching (de¬ 
termined by frequency and transit time), to 
extract RF energy from the bunched electrons. 

At the catcher a different situation exists. 
Since the electrons are traveling in bunches, 
spaced so that they enter the catcher field only 
when the oscillating circuit is in its decelerating 
half-cycle, more energy is delivered to the 


catcher than is taken from it. The remaining 
electrons in the beam pass through the grid and 
travel to the collector plate, where they are 
absorbed. 

Multicavity Power Klystron 
Amplifier 

In the above discussion, only a basic two- 
cavity klystron has been considered. This simple 
type of klystron amplifier is not capable of 
high gain, high output power, or suitable effi¬ 
ciency. With the addition of intermediate cavities 
and other physical modifications the basic two- 
cavity klystron may be converted to a multi¬ 
cavity power klystron. This amplifier is capable 
of high gain, high power output, and satisfactory 
efficiency. Figure 8-2l illustrates a multicavity 
power klystron amplifier. 

In addition to the intermediate cavities, there 
are several physical differences between the basic 
and the multicavity klystron. The cathode of the 
multicavity power klystron must be larger, in 
order to be capable of emitting large numbers of 
electrons. The shape of the cathode is usually 
concave, to aid in focusing the electron beam. 
The collector must also be larger to allow for 
greater heat dissipation. In a high power klystron, 
the electron beam may strike the collector with 
sufficient energy to cause the emission of x-rays 
from the collector. Many klystrons have a lead 
shield around the collector as protection against 
these x-rays. Most high power klystrons ai| 
liquid cooled and must be constructed to facilitatj 
the cooling system. 

Klystron amplifiers have been built (to tlJ 
present time) with as many as seven cavities 
(i.e., with five intermediate cavities). The effect 
of the intermediate cavities is to improve the 
bunching process. This results in increased 
amplifier gain, and to a lesser extent increased 
efficiency. Adding more intermediate cavities 
is roughly analogous to adding more stages to 
an IF amplifier. That is, the overall amplifier 
gain is increased and the overall bandwidth is 
reduced, if all the stages are tuned to the same 
frequency. The same effect occurs with klystron 
amplifier tuning. A given klystron amplifier 
tube will deliver high gain and narrow band¬ 
width if all the cavities are tuned to the same 
frequency. This is called SYNCHRONOUS TUN¬ 
ING. If the cavities are tuned to slightly different 
frequencies the gain of the klystron amplifier 
will be reduced and the bandwidth may be aA| 
preciably increased. This is called STAGGER 
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Figure 8-21. — Multicavity power klystron amplifier. 
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'UNING. Most klystron amplifiers which feature 
datively wide bandwidths are stagger tuned. 

The klystron is not a perfectly linear ampli- 
ler. That is, the RF power output is not linearly 
elated to the RF power input at all operating 
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igure 8-22. —Plot of typical klystron amplifier 
performance for various tuning conditions. 


levels. Another way of stating this is that the 
klystron amplifier will saturate, just as a triode 
amplifier will limit if the input signal becomes 
too large. In fact, if the RF input is increased 
to levels above saturation the RF power output 
will actually decrease. Figure 8-22 shows a 
plot of typical klystron amplifier performance 
for various tuning conditions. The RF output 
is plotted as a function of the RF input. Curve 
A of figure 8-22 shows typical performance for 
synchronous tuning. Under these conditions the 
tube has maximum gain. The power output is 
almost perfectly linear with respect to the power 
input, up to about 70 percent of saturation. How¬ 
ever, as the RF input is increased beyond that 
point, the gain decreases and the tube saturates. 
As the RF input is increased beyond saturation 
the RF output decreases. 

To better understand the reason for this 
decrease, recall that in the previous discussion, 
electron bunches were formed by the action of 
the RF voltage across the buncher cavity gap. 
This RF voltage accelerated some electrons 
and slowed down other electrons, resulting in 
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formation of bunches in the drift tube region. 
Obviously, this speeding up and slowing down 
effect will be increased as the RF drive power 
is increased. The saturation point on figure 
8-22 is reached when the bunches are most 
perfectly formed at the instant they reach the 
output cavity gap. This results in the maximum 
power output condition. When the RF input is 
increased beyond this point, the bunches are 
perfectly formed before they reach the output 
gap. That is, they form too soon. By the time 
the bunches have reached the output gap, they 
tend to debunch because of the mutual repulsion 
of electrons and because the faster electrons 
have overtaken and passed slower electrons. 
This causes the power output to decrease. 

If a multicavity klystron power amplifier is 
synchronously tuned, and the next to last cavity 
is then tuned to a higher frequency, the gain of 
the amplifier is reduced, but the saturation 
power output level may be increased. This effect 
is shown by curves B and C of figure 8-22. 
Curve B represents a small amount of detuning 
of the next to last cavity, and curve C represents 
even mire detuning. Note that the gain of the 
tube has been reduced, and that the saturation 
output power is higher than that obtained with 
synchronous tuning (curve A). Many klystron 
amplifiers are operated stagger tuned because 
of the resulting higher output power capability 
with the same beam power input. This increases 
the efficiency, provided, of course, that enough 
RF drive power is available to operate under 
the stagger tuned condition. Also, as mentioned 
previously, stagger tuning results in a wider 
amplifier bandwidth. 

As might be expected, stagger tuning may be 
carried too far, at which point the saturation 
output power will drop. This is illustrated by 
curve D of figure 8-22. 

Focusing 

One very important item which is required 
for high power klystron amplifier operation is an 
axial magnetic field (i.e., a magnetic field parallel 
to the axis of the klystron). In klystron ampli¬ 
fiers which are physically long, it is quite 
difficult to keep the electron beam properly 
formed during its travel through the RF section. 
The mutual repulsion between electrons causes 
the beam to spread in a direction perpendicular 
to the axis of the tube. If this is allowed to occur 
electrons will strike the drift tube and be col¬ 
lected there, rather than passing through the 
drift tube to the collector. 


To overcome beam spreading, an axial mag 
netic field is used. The action erf the magnefl 
field is to exert a force on the electrons whil 
keeps them focused into a narrow beam, 
magnetic field may be developed 
magnet or by one or more 
permanent magnet is used on tubes 
physically small or of medium power rating, 
fortunately, the size and weight of a 
magnet are excessive for long or 
tubes, making it necessary to use 
In some large tubes, several separate 
magnets are used. The current in each coil 
individually adjustable to optimize the 
field shape. The magnetic field is 
terminated a short distance beyond the 
cavity so that the beam may spread 
hits the collector. This tends to S] 
electron beam interception over a large 
on the collector, minimizing collector 
problems which would result from the 
remaining concentrated at the time of 
ception. 

Even with an axial magnetic field, sonj 
electrons will go astray and not remain in the mu 
electron beam. These electrons will be intel 
cepted by the anode or klystron drift tubes. J 
high power tubes it is particularly important’! 
minimize the number of stray electrons, becaus 
of the heat generated when they strike the drii 
tubes. In a high power klystron this heating raa; 
be a very severe problem because drift tube 
are very difficult to cool. Temperatures ma; 
become high enough to melt the drift tubes an 
destroy the tube. 

The collector is normally insulated from th 
RF section of large klystron amplifiers to perm! 
separate metering of the electrons intercepte 
by the drift tubes and those intercepted by tb 
collector. The electrons intercepted by the R) 
section are normally called BODY CURRENT 
while electrons intercepted by the collector ar 
normally referred to as COLLECTOR CURRENT 
Obviously, the sum of body current andcollecto 
current is equal to the total current in the elec 
tron beam, which is called BEAM CURRENT 
Klystron amplifier specifications will quite ofte 
place a maximum limit on allowable body cur 
rent. 

In the previous discussion of klystron opera 
tion, it was implied that klystron amplifier 
normally have actual metal grid structures acros 
the gaps in the resonant cavities. Many ltf 
power klystrons do indeed have wire mesh grids 
However, most high power klystrons do not hav 



274 

Digitized by 


Googl 



Chapter 8 —FUNDAMENTALS OF FIRE CONTROL RADARS 


tetual grids across the gaps. Such grids would 
ntercept sizable quantities of electrons. 

- It is very difficult to cool grid structures, 
Hid a large amount of beam interception would 
nelt the grids, thus destroying the tube. For- 
imately, by proper design the klystron may be 
iade to operate efficiently without actual grid 
fires across the cavity gaps. The absence of 
nese grids does not change the operating princi¬ 
ples discussed previously, but it does have a 
econdary effect on klystron performance. If 
he electron beam has a small diameter corn¬ 
ered to the diameter of the drift tube, the beam 
pes not couple energy to the cavities very well, 
therefore, the performance of a klystron ampli- 
ler, which does not have gridded gaps, may 
pmetimes be improved by permitting the elec- 
pon beam to be as wide as possible, while 
eeping the body current down to the maximum 
pecified for the tube. The width of the beam 
lay be somewhat controlled by the magnetic 
ield strength. 

Body current usually increases with RF input 
avel because it is the RF input which causes 
ie bunches to form. The dense electron concen- 
ration in the bunch causes mutual repulsion of 
lectrons, and the diameter of the bunch may be- 
ome larger than the diameter of the beam with 


no bunches present. Consequently, some of the 
electrons in the bunch may be lost to the drift 
tubes, and the body current may increase. 

Associated Equipment 

In the preceding sections the basic theory of 
klystron operation has been discussed. Consider¬ 
able additional equipment is required for a 
complete amplifier system. Various power sup¬ 
plies are necessary, to deliver the required 
voltages and currents. In high power systems, a 
method of cooling is required. Various RF circuit 
components are required to control and measure 
the RF input to the klystron tube and to measure 
the RF output from the tube. A large collection of 
meters and protective devices are needed to 
monitor performance and protect operating per¬ 
sonnel and equipment, in the event of a malfunction 
or operator error. Figure 8-23 is a simplified 
diagram illustrating some of the power supplies, 
monitoring devices, and protective devices used 
in a typical power klystron amplifier. 

In most klystron tubes the anode and RF sec¬ 
tion are connected together inside the vacuum 
envelope. These parts are normally called the 
TUBE BODY, and are generally operated at 
ground potential. It is convenient to operate the 
tube body at ground potential because the input 
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Figure 8-23.—Associated klystron amplifier equipment. 
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and output connections (either waveguide or 
coaxial) are then also at ground potential. This 
makes it easier to connect the klystron into the 
rest of the system. In addition, the cavity tuners 
are at ground potential, eliminating any danger 
to personnel tuning the tube. 

The beam supply shown in figure 8-23 supplies 
the voltage required to accelerate the electrons 
and form the beam. It must also deliver the re¬ 
quired beam current. The crowbar system quickly 
discharges the beam supply in the event of an 
internal klystron arc, or other high voltage fault 
condition. 

For high power systems, it is normal to have 
some value of series resistance between the beam 
supply and the klystron cathode. This limits tube 
current to a finite value if the tube should arc 
from cathode to ground. 

Some klystrons have a grid or modulating 
anode which is used to control the number of 
electrons in the electron beam. Such grids are 
often used in pulsed systems to turn the tube 
full-on or full-off. A few systems employ grid 
modulation for the transmission of intelligence. 
In most gridded klystron tubes the grid is never 
allowed to go positive with respect to the cathode. 
This might cause undue grid interception of the 
beam and result in burnout of the grid element. 
A grid power supply is required in those tubes 
which have grids. These power supplies and 
pulsers may take many forms, depending on the 
system application, and will not be discussed 
here. 

The collector of most high power klystrons 
is insulated from the body of the tube. This 
allows separate metering and overload protec¬ 
tion for the body current and collector current. 
In most systems the collector and body operate 
at nearly the same potential. Any potential dif¬ 
ference is normally only the difference in voltage 
drop across the various metering circuits. 

Figure 8-23 shows three electromagnets 
wrapped around the body of the klystron. Some 
klystrons are made with the electromagnets 
physically part of the tube itself. However, in 
most systems the electromagnets are separate 
from the tube, and the klystron is inserted into 
the electromagnet structure. Many modern kly¬ 
strons have only one electromagnet and there¬ 
fore required only one power supply. Others may 
have as many as six separate coils requiring 
one power supply for each coil. Voltage and 
current metering is usually supplied for each 
of the electromagnet power supplies. If an elec¬ 
tromagnet power supply should fail, the electron 
beam would almost certainly spread, and most 


of the beam current would be intercepted one 
small section of the drift tube. In most casq 
this would cause the drift tube to melt and pe| 
manently destroy the tube. Therefore, klystrf 
amplifier equipment normally has under-curr^l 
protection in each of the electromagnet circuit! 
When the magnet current falls below a ppj 
determined level the beam supply is automatical 
turned off to prevent damage to the klystrj 
Redundant protection is provided by the boi 
current overload circuits which also turn off th< 
beam supply in the event of magnet current fail 
ure or misadjustment. 

Also shown in figure 8-23 is a method use 
to monitor body current, collector current, afl 
beam current separately. In many systems sepl 
rate monitoring of collector current is not don 
since the collector current and total beam cui 
rent are almost equal. It is quite unusual, iiy 
relatively high power klystron amplifier systen 
to allow the body current to exceed 10 perew 
of the beam current. High body current usuafl 
means low efficiency and increases the dange 
of burning out drift tubes. In very high pow? 
klystrons the body current is often limited tQj 
or 2 percent of the total beam current. Over 
current protection is almost always supplied fa 
both body current and beam current. If aklystra 
arcs internally, the arc will always occur M 
tween cathode and anode. When this occurs, tfl 
body current immediately becomes exces9hn 
tripping out the body current overload relaj 
An arc also causes beam current to be muc 
higher than normal, and the beam current over 
load will also trip out. In fact, almost any hij 
voltage system fault (such as an insulatio 
breakdown) will cause excessive current throus 
the body current meter and overload relafl 

Because of the possibility of extremely trig 
currents flowing under fault conditions, the pro 
tection of body current and beam current metei 
presents a somewhat difficult problem. This prot 
lem is usually solved by using very high currei 
solid-state rectifiers, back to back, across tli 
meters. In some causes it is necessary to add 
small resistance or inductance in series with th 
meter. Surge capacitors are normally placti 
across the combination. It is necessary to con 
nect the rectifiers back to back because fau 
conditions often cause oscillating currents * 
flow through the meters. 

Klystron Mixer 

In addition to its use as a power amplifie: 
a klystron also may be used as a mixer. Heterc 
dyning is accomplished in the electron bean 
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Jsually the original input frequencies consist 
if a high frequency signal and low frequency 
Ignal. The high frequency signal is applied to 
he buncher cavity, while the low frequency 
ignal may be applied either to the cathode 
'r modulating grid. The buncher cavity is tuned 
o as to be resonant to the original high fre- 
uency signal and the intermediate and catcher 
avities are tuned to the difference of the two 
riginal input frequencies. 

lystron Modulation 

In a pulsed microwave system using a power 
lystron, one of three methods may be used to 
ccomplish modulation. The first method is to 
switch the beam accelerating voltage on and off. 
he second is periodic interruption of the RF 
iput signal. The last method is to turn the 
lystron beam current on and off. 

When a klystron is pulsed by turning the 
jcelerating voltage on and off, the entire beam 
nrrent must be pulsed as well. This action is 
imilar to modulating a magnetron, and requires 
modulator capable of handling the full power 
: the beam. 

When modulation is accomplished by switch- 
g of the RF input signal, the beam current 
ust also be pulsed. If this is not done, beam 
>wer will be dissipated, to no useful purpose, 
the interval between RF input pulses. This 
iduces the efficiency of the tube. 

Of the three methods, pulsing the modulating 
*id or anode is the most commonly used. 

RAVELING WAVE TUBE (TWT) 

The traveling wave tube is a high gain, low 
»ise, wide bandwidth microwave amplifier. 


TWT’s are capable of gains of 40 db or more, 
with bandwidths of over an octave. (A bandwidth 
of one octave is one in which the upper frequency 
is twice the lower frequency.) TWT’s have been 
designed for frequencies as low as 300 MHz and 
as high as 50 GHz. 

The primary use for the TWT is voltage 
amplification (although high power TWT’s, with 
characteristics similar to those of a power 
klystron, have been developed). Their wide band¬ 
width and low noise characteristics make them 
ideal for use as RF amplifiers in microwave 
and electronic countermeasures equipment. 

Construction 

Figure 8-24 is a pictorial diagram of a 
traveling wave tube. The electron gun produces 
a stream of electrons which are focused into a 
narrow beam by an axial magnetic field, much 
the same as in a klystron tube. The field is 
produced by a permanent magnet or electromagnet 
(not shown) which surrounds the helix portion 
of the tube. The narrow beam is accelerated, 
as it passes through the helix, by a high potential 
on the helix and collector. The function of the helix 
will be discussed later. 

Operation 

Whereas the electron beam in a klystron 
travels, for the most part, in regions free from 
RF electric fields, the beam in a TWT is con¬ 
tinually interacting with an RF electric field 
propagating along an external circuit surrounding 
the beam. 

To obtain amplification, the TWT must propa¬ 
gate a wave whose phase velocity is nearly 
synchronous with the d-c velocity of the electron 
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Figure 8-24.—Pictorial diagram of a traveling wave tube. 
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beam. It is difficult to accelerate the beam to 
greater than about one-fifth the velocity of light. 
Therefore, the forward velocity of the RF field 
propagating along the helix must be reduced to 
nearly that of the beam. 

The phase velocity in a waveguide which is 
uniform in the direction of propagation is always 
greater than the velocity of light. However, this 
velocity may be reduced below the velocity of light 
by introducing a periodic variation of the circuit 
in the direction of propagation. The simplest 
form of variation is obtained by wrapping the 
circuit in the form of a helix whose pitch is equal 
to the desired slowing factor. 

As previously explained, the electron beam is 
focused and constrained to flow along the axis 
of the helix. The longitudinal components of the 
input signal’s RF electric field, along the axis 
of the helix or slow wave structure, continually 
interact with the electron beam to provide the 
gain mechanism of TWT’s. This interaction 
mechanism is pictured in figure 8-25. This figure 
illustrates the RF electric field of the input 
signal, propagating along the helix, infringing 
into the region occupied by the electron beam. 

Consider first the case where the electron 
velocity is exactly synchronous with the circuit 
phase velocity. Here, the electrons experience 
a steady d-c electric force which tends to bunch 
them around position A, and debunch them around 
position B. This action is due to the accelerating 
and decelerating electric fields, and is similar 
to velocity and density modulation previously 


discussed. In this case, as many electrons are 
accelerated as are decelerated; hence, there is 
no net energy transfer between the beam and 
the RF electric field. To achieve amplification, 
the electron beam is adjusted to travel slightly 
faster than the RF electric field propagating 
along the helix. The bunching and debunching 
mechanisms just discussed are still at work, 
but the bunches now move slightly ahead of the 
fields on the helix. Under these conditions more 
electrons are in the decelerating field to the 
right of A than are in the accelerating field to 
the right of B. Since more electrons are de¬ 
celerated than are accelerated, the energy balance 
is no longer maintained. Thus, energy transfers 
from the beam to the RF field, and the field 
grows. 

Fields may propagate in either direction 
along the helix. This leads to the possibility 
of oscillation due to reflections back along 
the helix. This tendency is minimized by plac¬ 
ing resistive material near the input end of the 
slow wave structure. This resistance may take 
the form of a lossy wire attenuator (fig. 8-24) 
or a graphite coating placed on insulators adja¬ 
cent to the helix. Such lossy sections completely 
absorb any backward traveling wave. The for¬ 
ward wave is also absorbed to a great extent, 
but the signal is carried past the attenuator 
by the bunches of electrons. These bunches are 
not affected by the attenuator, and, therefore, 
reinstitute the signal on the helix, after they have 
passed the attenuator. 


HELIX CROSS-SECTION 



Figure 8-25.— Helix field interaction. 
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C. DIRECT COAX-HELIX MATCH 


COAXIAL CABLE 


MAJOR HELIX v sj ry' .. 




INPUT HELIX 


D. COUPLED HELIX MATCH 




Figure 8-26. —TWT RF coupling. 
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upling 

Some means must be provided to apply RF 
srgy to one end of the helix and remove it 
m the other. Four methods of coupling are 
strated in figure 8-26. 

Figure 8-26A illustrates waveguide matching, 
s waveguide is terminated in a nonreflecting 
>edance, and the helix is inserted into the 
eguide, as shown. The efficiency of the system 
■ather good, but the waveguide has afar higher 
fian the traveling wave tube. This means that 
broad band characteristics of the TWT suffer 
hat the entire bandwidth is not available for 
ilification. The waveguide will not respond 
r such a wide spectrum. 

rhe cavity match, illustrated in figure 8-26B 
ery similar to the waveguide match. Cavities 
be made to resonate over wider ranges than 
^guides, but they still have a highQcompared 


to the TWT. The helix is placed at the mouth of 
the cavity, thereby absorbing any E-field pro¬ 
duced. The RF is fed into the cavity by a coaxial 
cable. 

Figure 8-26C illustrates a direct coax-helix 
match. It is the simplest system of all. The 
center conductor of the input coaxial cable is 
connected directly to the helix. Although this 
method is used quite frequently, it has a dis¬ 
advantage. A high VSWR is set up by this match, 
and this causes heating around the input connec¬ 
tion. Since this connection passes through the 
glass envelope, the envelope is subject to heating 
and breaking at this point. However, this is a 
major problem only in higher power TWT’s. 

Figure 8-26D illustrates the coupled helix 
match. In this system, the coaxial center con¬ 
ductor is attached to a small helix. The major 
helix is inserted within this input helix where 
it acts as the secondary of a transformer. This 


279 


Digitized by 


Google 













FIRE CONTROL TECHNICIAN (M) 3 & 2 


system has a good VSWR and is broader in 
bandwidth than cavities or waveguides, although 
it is unable to handle large amounts of power. 

It should be noted, that any of the above 
coupling methods may be used for input as well 
as output coupling. 

TWT Mixer 

The traveling wave tube has also found appli¬ 
cation as a microwave mixer. By virtue of its 
wide bandwidth, the TWT can accommodate the 
frequencies generated by the heterodyning process 
(provided of course, that the frequencies have 
been chosen to be within the range of the tube). 
The desired frequency is selected by the use 
of a filter on the output of the helix. A TWT mixer 
has the added advantage of providing gain as well 
as simply acting as a mixer. 

TWT Modulation 

A TWT may be modulated by applying the 
modulating signal to a modulator grid. The 
modulator grid may be used to turn the electron 
beam on and off, as in pulsed microwave appli¬ 
cations, or to control the density of the beam 
and its ability to transfer energy to the traveling 
wave. Thus, the grid may be used to amplitude 
modulate the output. 

TWT Oscillator 

A forward wave traveling wave tube may be 
constructed to serve as a microwave oscillator. 
Physically, a TWT amplifier and oscillator differ 
in two major ways. The helix of the oscillator 
is longer than that of the amplifier and there is 
no input connection to the oscillator. 

The operating frequency of a TWT oscillator 
is determined by the pitch of the tube’s helix. 
The oscillator may be tuned, within limits, by 
adjusting the operatng potentials of the tube. 

Oscillator Operation 

The electron beam, passing through the helix, 
induces an electromagnetic field in the helix. 
Although initially weak, this field will, through 
the action previously described, cause bunching 
of succeeding portions of the electron beam. 
With the proper potentials applied, the bunches 
of electrons will reinforce the signal on the helix. 
This, in turn, increases the bunching of succeed¬ 
ing portions of the electron beam. The signal on 
the helix is sustained and amplified by this 
positive feedback resulting from the exchange 
of energy between electron beam and helix. 


TYPES OF ENERGY TRANSMISSION 

Radar systems employ two basic types d 
energy transmission: pulse and continuous wavt 
(CW). The basic principle of pulsed radar is thal 
the transmitter sends out radio waves in a seriei 
of short, powerful pulses and then rests durini 
the remainder of its cycle. During the period if 
which the transmitter is at rest, echo signal! 
may be received and timed to determine the rang! 
to the reflector surface (target). In CW radar, 
on the other hand, the transmitter sends out t 
continuous signal. If a nonmoving target is ii 
the path of the transmitted wave, the frequency 
of the reflected signal will be the same as th£l 
of the transmitted signal. If the target is mov* 
ing, the frequency of the reflected echo will 
differ from that of the transmitted signal due to 
the doppler effect, and the frequency difference 
can be used as an indicator of target motion] 
In CW transmission, either a movement of tiw 
radar or the target is necessary to produce ar 
indication of target presence. 

PULSE 

Pulse radar makes it possible to measure 
range in terms of the time intervals between 
transmission of a pulse and the reception of aj 
echo or reflected pulse from the target. The rei 
lationship of these pulses is shown in figure 
8-27. 

The pulse repetition time (tp) must be ol 
sufficient duration to allow the echo pulse h 
return from the maximum range of the radar set 


PULSE 


REPETITION 

TIME 

( tp ) 


, __PEAK < 

POWER 1 



167.7| 

Figure 8-27. —Pulse repetition time. i 
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>therwise the reception of an echo will be ob¬ 
scured by the succeeding pulse. The total time 
esquired for the completion of a cycle (the pulse 
Juration plus the resting time) is called the re¬ 
jection time. The reciprocal of repetition time 
fl,the repetition frequency. The necessary time 
pr an echo to return determines the maximum 
irequency which can be used for pulse repeti- 
ion. The minimum range at which a target can 
>e detected is determined by the pulse width, 
Pd. If a target is so close to the transmitter 
hat the echo is received before the transmitter 
b cut off, the echo reception will be almost 
ompletely attenuated by the transmitted pulse, 
iecause the pulse duration time must be short 
o increase reception of nearby targets and yet 
ontain sufficient power to insure a return echo 
f sufficient magnitude from the maximum range 
f the radar set, extremely large transmitted 
Qwer outputs are required. The useful power of 
lie transmitter is contained in the radiated pulses 
nd is termed the peak power of the radar. 

Since the radar is not transmitting for much 
fits total cycle, the average power is quite low, 
hen compared with the peak power during the 
ulse time. The relationship between average 
ower dissipated over the entire cycle and peak 
ower developed during the pulse time can be 
^pressed by the following equation: 



2/*Sec 


Figure 8-28, — Duty cycle. 
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cycle then the average power = 2000 x .01 
kilowatts = 20 kilowatts, as shown in figure 8-28. 

Range Determination 

The effectiveness of range determination de¬ 
pends primarily on the ability of the radar to 
measure distance in terms of time. Electromag¬ 
netic radiation travels in space at a constant 
velocity of 186,300 miles per second. When it 
is reflected there is no loss in velocity, but 
merely a redirecting of the energy path. Range 
is then determined by the time required for a 
two-way energy transmission. The determination 
of range can be made by using the equation 


average power _ pulse width (td) _ 

peak power pulse repetition time (tp) 



he greater the pulse width, the higher the 
rerage power; the longer the pulse repetition 
me, the lower the average power. The rela- 
onship between pulse width and pulse repetition 
me and between average power and peak power 
lay be expressed in duty cycles and represented 
i: 

pulse width _ _ average power _ 

pulse repetition time peak power 

duty cycle 

For example, a 2-microsecond pulse repeated 
a frequency of 5000 Hz, represents a duty 
rcle of .01, since the time for one cycle is 
r 5000 of a second, or 200 microseconds. 

2 

200 = ,01 = duty cycle 


Assuming a peak power of 200 kilowatts, 
r 2 microseconds, 2000 kilowatts are avail- 
•le. Since average power = peak power x duty 


where R = the distance or range from radar set 
to target 

c = the speed of propagation of radio 
waves in air 

t = the time required for the two-way trip. 

The velocity of electromagnetic radiation is 
approximately 

1) 186,300 miles/sec 

2) 984 ft/fisec 

3) 328 yds/Msec 

4) 6.18 Msec/nautical mile (using the approxima¬ 
tion of 6000 ft equals one nautical mile). 

Fire control radar sets determine distance in 
yards. Since the constant velocity of electro¬ 
magnetic radiation is 328 yards per microsecond, 
a . target located 32,800 yards from the radar set 
will require a round trip time of 200 microseconds. 
Since there are 1760 yards in a mile, the round 
trip time for a distance of one yard is 0.0061 
microseconds. A more convenient figure is the 
round trip echo time for a target 1000 yards 
away-6.1 microseconds. 
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CONTINUOUS WAVE 

When radio-frequency energy which is trans¬ 
mitted from a fixed point continuously strikes an 
object which is moving toward or away from the 
source of the energy, the frequency of the re¬ 
flected energy is changed. This change in fre¬ 
quency is known as the Doppler effect, or shift. 
The difference in frequency between the trans¬ 
mitted and the reflected energy determines the 
presence and the speed of the moving target. 

A common example of the Doppler effect is 
the changing pitch of the whistle of an approach¬ 
ing train. The train’s whistle appears to change 
its pitch from a high tone as the train approaches 
to a lower tone as it moves away from the 
observer. As the train approaches, there is 
an apparent increase in frequency —a rising of 
the pitch; as the train moves away, there is 
an apparent decrease in frequency —a lowering 
of the pitch. This is the Doppler effect. 

To examine the reason for this apparent 
change in pitch, assume that a transmitter 
emitting an audio signal at a frequency of 60 Hz 
is traveling at a velocity of 360 feet per second 
(fps). (See fig. 8-29.) Therefore, at the end of 
1 second the transmitter will have moved from 
T to Tl in figure 8-29(A). The total distance 
from T to O, the position of the observer, is 
1,080 feet. The velocity of sound is 1,080 feet 
per second. Thus, a sound emitted at T will 
reach O in 1 second. To find the wavelength (X) 
of the transmitted signal, divide the velocity of 
the signal (1,080 fps) by the frequency of the 
signal (60 Hz). The result is 18 feet. 

It is known that in 1 second the transmitter 
moves 360 feet and transmits 60 Hz. At the 
end of 1 second the first cycle of the trans¬ 
mitted signal reaches the observer just as the 


T2 


r 


360 FT. 


1080 FT. 


r- 


360 FT 


1080 FT. 


AQ.422 

Figure 8-29. —Transmitter moving relative to an 
observer. 


60th Hz is leaving the transmitter at Tl, Under 
these conditions the 60 Hz emitted are between 
the observer and Tl. Notice that this distance 
is only 720 feet (1,080 - 360). The 60 Hz spread 
over the distance from Tl to O have a wave¬ 
length which is only 12 feet (720/60). To find 
the new frequency, use the formula for frd^ 


quency: 


f - v. 


1,080 

12 


= 90 Hz. 


The original frequency of 60 Hz has change^ 
to an apparent frequency of 90 Hz. This new 
frequency only applies to the observer at CB 
Notice that the Doppler frequency variation if 
directly proportional to the velocity of the am 
proaching transmitter. The faster the trans-l 
mitter moves toward the observer, the greatefl 
the number of waves that will be crowded intd 
the space between the transmitter and the ob* 
server. 


If the transmitter were stationary and the 
observer moving, the observer would encounter 
more waves per unit of time as he approaches 
the transmitter. As a result, he would hear 
higher pitch than the transmitter was actui 
emitting. 

When the transmitter is traveling away froi 
the observer, as in figure 8-29(B), the fi] 
cycle leaves the transmitter at T and the 60tii 
at T2. The first cycle reaches the observe] 
at O when the transmitter reaches T2. The! 
are 60 Hz stretched out over 1,080 plus 860 ft 
a total of 1,440 feet. The wavelength of th« 

60 Hz is 1,440/60, or 24 feet. Their apparei 
frequency is 1,080/24, or 45 Hz. 


The Doppler shift has important operatioi 
applications aboard ship to determine target tl 
motion. Since the Doppler frequency is a meat 
of velocity only, there is no way of measui 
range directly at a constant carrier frequei 
Tracking with CW radars is possible, theoret 
cally, to zero range. 

If a target is moving, its velocity, relat 
to the radar can be detected by comparing 
transmitter frequency with the echo frequency] 
which will differ because of the Doppler shift 
The difference or beat frequency, fd, sometlmdl 
called the Doppler frequency, is related to targe! 
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slocity, v, and transmitted wavelength \(in 
m) as follows: 


fd = 89.4 v/x 

To track a target with CW Doppler radar, 
inge information is required, but fd is not a 
motion of range. However, if two separate 
■ansmitters operating at two frequencies fl and 
! are employed, then the relative phase between 
e two Doppler frequencies is a linear function 
range to the target. In this system a hybrid 
Ixer is used to combine the two transmitted 
equencies and separate the two received fre- 
lencies to permit the use of one transmitting 
id one receiving antenna. 

Instead of two transmitter frequencies the 
ime result is achieved by sweeping the trans- 
Itter frequency uniformly in time to cover the 
equency range from fl to f2. The beat fre- 
iency fd between the transmitted and received 
gnals is then a function of range. In this type 
radar the velocity as well as range is measured 
> that the velocity information, which is rate 
change of range, can be used to control range 
id velocity gates for range tracking. 

IJLSE-DOPPLER 

Pulse radars may be modified in one of 
veral ways to employ the target Doppler fre- 
ency to detect a moving target. The Doppler 
1ft affects the transmitter pulse repetition fre- 
ency (prf), pulse width, and carrier frequency, 
d a pulse radar can be designed to recognize 
e of these effects. 

A requisite for any Doppler radar is coherence; 
it is, some definite relationship must exist be- 
een the transmitted frequency and the reference 
jquency which is used to detect the Doppler 
lft of the received signal. The presence of a 
)ving target in a background of external noise 
known from the amplitude variations the target 
ho produces in the noise spectrum. Amplitude 
tection employs noncoherent reception. Moving 
tgets are also detected by the phase difference 
tween the target signal and noise components, 
.ase detection employs coherent reception. In 
ncoherent detection, phase changes are not in- 
Ived; and therefore, if the external noise 
rel present is not too high, the target may be 
tfinguished visually from the noise clutter on 
A-type or range scope of the radar set. 
In coherent detection a stable CW reference 
Billator signal, which is locked in phase with 
i transmitter during each transmitted pulse, is 


mixed with target echo signals to produce a beat 
signal. Since the reference oscillator and the 
transnvtter are locked in phase, the echoes, in 
effect, are compared with the transmitter. 

The phase relationship of the echoes from 
fixed targets to the transmitter is constant; 
therefore the amplitude of the beat signal re¬ 
mains constant. Beat signals of varying intensity 
indicate a moving target, because the phase dif¬ 
ference between the reference oscillator signal 
and target signal changes as target range changes. 

The beat signals are subtracted in the radar 
receiver, causing the fixed target signals, which 
are of constant amplitude, to cancel out. The 
signals from a moving target, which cause phase 
difference, do not cancel and are sent to the 
radar scope for display. 

PRINCIPLES OF ENERGY TRANSMISSION 

As a wave is propagated outward from the 
antenna, wavefronts form spherical surfaces that 
expand radially, figure 8-30. If the antenna is 
directional (which is almost always the case) the 
distribution of power over the wavefront surface 
is not uniform. The power density (power per 
unit area) is greater at points within the beam 
(A) and small at points on the extremities of the 
beam (B). Points of no radiation are called null 
points (C). The power density decreases gradually 
from a maximum at point A to zero at point C. 
The region of main radiation between C and C' 
is called the major lobe, and regions of low 
radiation are called minor lobes. The major lobe 


ANTENNA 



Figure 8-30. — Radiation pattern from directional 
antenna. 
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is normally specified by beam width, which is 
measured between the half-power level points. 

To obtain the greatest accuracy in determining 
bearing angles, the beam must be as narrow as 
possible. In figure 8-31, relative signal strength 
is plotted against angular position of the antenna 
with respect to the target. The maximum signal is 
received when the axis of the lobe passes through 
the target. 

BEAM REQUIREMENTS 

The tactical application of the radar deter¬ 
mines the requirements of the beam, When used 
for target tracking or missile guidance, operations 
that require extreme accuracy, the radar beam 
must be of narrow width, propagated at high fre¬ 
quencies. The narrowness of the antenna beam 
determines the accuracy with which the radar can 
measure bearing and elevation. It also determines 
the angular resolution of the radar, in the same 
manner as pulse duration determines range res¬ 
olution. Individual targets adjacent to one another 





167.762 

Figure 8-31.—Relationship between beam axis 
and target bearing. 



167.763 

Figure 8-32. —Radar tracking beam. 


can be detected if the radar set has a narrow 
beam and sends out a short pulse, as shown in 
figure 8-32. 

BEAM POWER MEASUREMENTS 

The relationship of maximum range to beam 
power characteristics is an important considera¬ 
tion. 

The power of a radiated wave, such as a 
light wave, falls off as the square of the dis¬ 
tance between the source and point of measure¬ 
ment. This same law holds here for the field 
intensity of electromagnetic waves when the 
power intercepted in a unit area is considered 
in relation to the distance from the antenna. 
However, since electric power expressed ic 
terms of the voltage present is proportional 
to E 2 (because P = E 2 /R), then the square ol 
the voltage falls off as the square of the dis¬ 
tance, or voltage itself falls off as the dis¬ 
tance. Target echo strength falls off very rapidlj 
with an increase in range, and a large change 
in transmitted power will not greatly increase 
the range of the radar set. If, for example, 
the peak power is doubled, the range is increased 
by approximately only 19 percent. 

The actual measurement of transmitted powei 
will be discussed in chapter 12 . 

PRINCIPLES OF REFLECTION, 
REFRACTION AND DIFFRACTION 

The radar transmitter produces the energj 
and the antenna radiates this energy into space 
usually in the shape of a narrow beam. The re¬ 
flection of the short wavelengths utilized bj 
radar takes place from almost all objects ii 
their paths. 
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Aircraft, missiles, ships, water, or practi¬ 
cally any material substance will reflect these 
short waves. The intensity of the reflected echo 
depends, among other things, upon the size and 
shape of that object. From almost any shape some 
of the reflected energy will be returned to the 
source, and can be used to identify the target 
position. 

REFLECTION 

When a radiated electromagnetic wave en¬ 
counters a conducting surface, reflection of 
energy from the surface occurs. Reflection from 
the surface takes place in accordance with the 
law of reflection which states that the reflected 
and incident wave trains travel in directions 
which make equal angles with the normal to the 
reflecting surface and are in the same plane with 
it, figure 8-33. Uneven surfaces reflect in a 
multitude of directions, and such reflection is 
said to be diffuse. By far the greatest loss in 
electromagnetic field intensity which occurs is a 
result of diffusion. 

REFRACTION 

Refraction is the bending of a radiated beam 
as it travels through space. The downward bend¬ 
ing of the rays of propagation, shown in figure 
8-34, is caused by the non-uniform density of the 
air at low altitudes, resulting in an increase of 
refraction. 


INCIDENT WAVE 
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Figure 8-33. — Reflection. 


DIFFRACTION 

Diffraction occurs when a wave passes through 
a restricted aperture (opening or hole) and spreads 
out in a pattern determined by the ratio of the 
wavelength to the diameter of the aperture. The 
importance of this principle in lens or antenna 
reflecting systems will be explained later in this 
chapter. 


ANTENNAS 

The radar energy that forms the target track¬ 
ing and missile guidance beams is transmitted by 
an antenna at the control point. Radiated energy 
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tends to spread "out equally in all directions, 
but by mounting a suitable reflector behind the 
antenna, a large part of the radiated energy can 
be formed into a relatively narrow beam. 

Figure 8-35 compares the radiation from a 
radio antenna with that from a lamp. Both 
light waves and radio waves are electromagnetic 
radiation; the two are believed to be identical, 
except in frequency of vibration. From both 
sources, energy spreads out in the form of 
spherical waves. Unless they meet some obstruc¬ 
tion, these waves will travel outward indefinitely 
at the speed of light. Because of its much higher 
frequency, light has a much shorter wavelength 
than radio waves. This is suggested in figure 
8-35, but it cannot be shown accurately to scale. 
The wavelength of radar transmission may be 
measured in centimeters; the wavelength of light 
ranges from about three to seven ten-thousandths 
of a millimeter. 

You are, of course, familiar with the use 
of polished reflectors to form beams of light. 
An automobile headlight is an example of this, 
although it produces a fairly wide beam. A spot¬ 
light produces a more narrow beam. 

A type of reflector generally employed in 
missile fire control radars is the parabolic 
disk. It is similar in appearance to the reflector 
used in automobile headlights. One of the impor¬ 
tant advantages of radar operation in the micro- 
wave region of the electromagnetic spectrum is 
that microwaves have properties and character¬ 
istics similar to those of light. This permits 
the use of well known optical design techniques. 

The action of the reflecting surface of the 
reflector is a result of its parabolic shape and 
the fact that the rays striking and reflecting 
from the metallic surface make equal angles with 
the surface at the point of reflection. This ac¬ 
tion is illustrated in figure 8-36, In A of the 
figure, consider that the focal point is a feed- 
horn radiator and is a point source of energy. 
As you learned, electromagnetic energy is emitted 
from a point source in spherical waves like 
ripples that fan out from a pebble thrown into a 
pond of still water. The primary purpose of the 
parabolic reflector is to change the spherical 
wavefronts of the radiated energy into flat (plane) 
waves and focus them into a circular beam. 
Part B of figure 8-36 shows spherical wavefronts 
coming from a radiating feedhorn at the focal 
point of a parabolic reflector. As the waves 
strike the reflector they are straightened and 
concentrated into a narrow circular beam of 
energy containing parallel flat wavefronts. 



ANTENNA 



RADIO WAVES 


RADIO 


144.38 

Figure 8-35. —Radiation, unrestricted, from a 
lamp and a radio antenna. 


When the radar is receiving reflected energy, 
the incoming rays are concentrated and focused 
on the feedhorn only when they enter the dish 
in perfectly parallel rays as shown in B of figure^. 
8-36. The waves reflected from the target, unde? 
ideal conditions, will be parallel if they were 
transmitted in this form. Therefore, we ca§» 
state that in any antenna system the transmitting 
and receiving patterns are essentially the same* 
For this reason one antenna can be used 
transm’ssion and reception. The parabolic re-„ 
flector produces a “pencil beam” in which most 


286 


Digitized by 


Googl 



Chapter 8—FUNDAMENTALS OF FIRE CONTROL RADARS 


MRAROLIC 

REFLECTOR 



AXIS 


REFLECTED ENERGY 
TRAVELS PARALLEL 
TO AXI8 


WAVEFRONTS OF OIRECTLY 
RADIATED WAVE 



WAVEFRONTS AFTER 
REFLECTION 


(B) 


“picture*’ of the beam. Some of the radiated 
energy will be scattered outside the main lobe, 
and will form side lobes, usually of lesser 
intensity, and much shorter range. They are 
undesirable lobes that exist in close proximity 
to the transmitter. And the radiation does not 
end abruptly at a certain distance from the 
transmitter, as the diagram implies. The lobe, 
if it can be pictured in three dimensions, can be 
thought of as a surface, all parts of which 
receive an equal amount of energy. This can be 
considered the minimum energy that is useful 
for our purpose (missile guidance or target 
tracking). The lobe in figure 8-37 is not drawn 
to scale. The diameter of the reflector is in 
the order of two feet; the length of the lobe may 
be from 20 to 50 miles. Its useful width may be 
four or five degrees. At any given distance 
from the transmitter, the signal is strongest 
along the axis of the lobe. 

In a beam-rider guidance system, radar 
must accomplish two things; it must track the 
target, and it must guide the missile. It would 
be difficult to do either of these things with a 
simple lobe like the one in figure 8-37. 

Target tracking or missile beam riding may 
be accomplished by nutating the lobe (moving 
the RF feed point) in a small circle around 
the focal point of a fixed parabolic reflector. 
This scanning effect, depicted in figure 8-38, 
will be studied later in this chapter. 


1.49:25.226 

Figure 8-36. — Principles of parabolic reflector. 


of the energy is confined to a small cone of 
nearly circular cross section. The concentration 
of the energy into a beam increases the amount 
of radiation illuminating a target. 

But no radar can produce an ideal beam of 
parallel rays. For one thing, the end of the wave¬ 
guide is large, compared to the ideal point source. 
For another, a reflector of practical size is not 
sufficiently large compared with the wavelength 
of the radiated energy. A radar beam therefore 
diverges and forms a lobe, like the one in 
figure 8-37. This is the main lobe or beam. 
The student should clearly understand that such 
a lobe is merely a convenient way of represent¬ 
ing the beam on paper; it is in no sense a 
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Figure 8-37. — Lobe formation of radar beam. 
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Figure 8-38. — Nutating lobe. 


167.765 


TYPES OF ANTENNA 


Dipole 

Although not used by any of the newest modi¬ 
fications of our missiles, several types of missiles 
have used a rotating dipole antenna. The antenna 
was not rotated about its center, for this would 
have changed the polarization as the antenna 
turned. Such a condition would have caused 
erratic control of the missile. The antenna is 
mounted in a plane that passes through the focal 
point at a right angle to the reflector axis. As 
the antenna rotates it stays in this plane. The 
same relative motion can be produced by having 
a stationary antenna and rotating the reflector 
about a point off its axis. 

Lens Antenna 

Lens antennas of two types have been de¬ 
veloped to provide a plane wavefront narrow 
beam for tracking radars, while avoiding the 
problems associated with feed horn shadow in 
reflector antennas. (The shadow is a dead spot 
directly in front of the feedhorn.) These are 
conducting type and dielectric or delay type. 
They are also called microwave lenses. The lens 
is substantially transparent to microwaves but 
inserts a phase change over the cross section of 
the exit side of the lens to make the microwaves 



55 . 62:33 

Figure 8-39. —Antenna lenses: A. Wavegui$ 
(acceleration) type microwave lens: B. Meta) 
strip (delay) type microwave lens. 
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converge or diverge. The lens is placed in front 
of a point source of RF energy, such as a feed- 
horn. While a feedhorn is not a “point” source, 
for analysis of electromagnetic wave propagation 
it is often considered as a point source of energy. 

The conducting type, which is a wave guide, 
is illustrated in figure 8-39A. 

This type accelerates wave transmission as 
it passes through the lens. It consists of flat 
metal strips placed parallel to the electric field 
of the wave and spaced slightly in excess of one- 
half of a wavelength. To the wave these strips 
look like waveguides with each hypothetical wave¬ 
guide having a dimension in a direction perpen¬ 
dicular to the electric field corresponding to 
the spacing between the parallel strips. The 
velocity of phase propagation of a wave is greater 
in a waveguide than in air. Thus, since the lens 
is concave, the outer portions of the transmitted 
spherical wave are accelerated for a longer 
interval of time than the inner portion. The 
spherical waves will emerge at the exit side 
of the lens (lens aperture) as flat-fronted parallel 
waves. The waveguide type lens is frequency 
sensitive. 

The other type lens is the dielectric, or 
metallic delay lens, shown in figure 8-39B. The 
delay lens, as its name implies, slows down the 
phase propagation as the wave passes through the 
lens. This lens is convex, and consists of di¬ 
electric material. The delay in the phase of the 
wave passing through the lens is determined by 
the dielectric constant or refractive index of 
the material. In most cases, artificial dielec¬ 
trics consisting of conducting rods or spheres 
that are small compared to the wavelength are 
jsed. Artificial dielectrics, or conducting in¬ 
sulators, used in RF transmission systems are 
covered in Basic Electronics, NavPers 10087-C. 
in this case the inner portion of the transmitted 
vave is decelerated for a longer interval of 
Ime than the outer portions. 

In a lens antenna the exit side of the lens 
;an be regarded as an aperture across which 
here is a field distribution. This field acts as 
i source of radiation just as fields across the 
nouth of a reflector or horn. For a returning 
jcho the reverse effects take place in the lens. 

It can be seen that the reflector uses the 
aw of reflection while the lens uses the law 
if refraction. The rear feed arrangement of the 
ens antenna eliminates spillover radiation in 
lie backward direction. Also, this arrangement 
lits the radiator out of the path of the beam, 
bus reducing shadows. 


SCANNING 

The systematic movement of a radar beam 
while searching for or tracking a target is 
referred to as scanning or lobing. The type 
and method of scanning used depends on the 
purpose and type of radar and on the antenna 
size and design. 

TYPES OF SCANNING 

A single lobe system is the simplest type 
of scanning. A stationary lobe cannot satisfactorily 
track a moving target, let alone provide guidance 
information to the missile. 

Assume that a target is somewhere on the 
lobe axis, and that the receiver is detecting 
signals reflected from the target. If these re¬ 
flected signals decrease in strength, it will be 
apparent that the target has flown off the axis, 
and that the beam must be moved to continue 
tracking. The beam might be moved by an 
operator who is tracking the target with an 
optical sight; but such tracking would be slow 
and inaccurate, and would be limited by con¬ 
ditions of visibility. An automatic tracking system 
requires that the beam SCAN, or search, the 
target area. 

Again, assume that a missile is riding the 
axis of a simple beam. The strength of the 
signals it receives (by means of a radar re¬ 
ceiver in the missile) will gradually decrease 
as its distance from the transmitter increases. 
If the signal strength decreases suddenly, the 
missile will know that is is no longer on the 
axis of the lobe. But it will NOT know which 
way to turn to get back on the axis. A simple 
beam does not contain enough information for 
missile guidance. 

The double-lobe system multiplies by several 
times the accuracy obtainable with a single-lobe 
system. The double-lobe system employs two 
overlapping beams. For ease of illustration, 
assume that two antennas are used side by side. 
Two signals are obtained when the beams cross 
a target, one from each beam. On the radar- 
scope they appear either side by side or back to 
back. The two signals are the same amplitude 
only when the target is on the line of intersec¬ 
tion of the two beams, as in figure 8-40. The 
operator rotates the antennas until the signals 
are matched in amplitude. At this point, he 
knows that the target lies on the LINE OF IN¬ 
TERSECTION of the two beams. The target is 
located on the basis of returns from the side of 
each lobe, where a small change in position re¬ 
sults in a large change in signal amplitude. 
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Figure 8-40. — Double-lobe system, showing re¬ 
lation between axis of intersection and target 
bearing. 


Nutation 

Nutation is difficult to describe in words, 
but easy to demonstrate. Hold a pencil in two 
hands; while holding the eraser end as still as 
possible, swing the point through a circle. This 
motion of the pencil is nutation. (The pencil 
point corresponds to the open, or transmitting, 
end of the waveguide antenna.) The important 
thing is that polarization of the beam is not 
changed during the scanning cycle. This means 
that the axis of the moving feed must not change 
horizontal or vertical orientation while the feed 
is moving. You might compare the movement to 
that of a ferris wheel; the position of the seats 
must remain the same regardless of the position 
of the wheel. 


Therefore, if the antennas are moved in either 
direction away from this angle, one of the sig¬ 
nals increases greatly in amplitude and the other 
decreases. You can see that a greater degree 
of accuracy can be obtained in this way. 

Besides greater accuracy, the double-lobe 
system has another advantage over the single¬ 
lobe system. By watching to see which of the 
two signals increases in amplitude as the an¬ 
tenna is rotated a few degrees, the operator can 
tell the direction the antenna must be moved to 
reach the on-target position. 

METHODS OF SCANNING 


Nutating Waveguide 

A waveguide is a metal pipe, usually rectan¬ 
gular in cross section, which is used to conduct 
the RF energy from the transmitter to the antenna. 
The open end of the waveguide faces the concave 
side of the reflector, and the RF energy it emits 
is bounced from the reflector surface. 

A conical scan can be generated by nutation 
of the waveguide. In this process, the axis of the_ 
waveguide itself is moved through a small conical 31 
pattern. This three-dimensional movement in an 
actual installation of the waveguide, is fast and' 
of small amplitude. To an observer, the waver, 
guide appears merely to be vibrating slightly. ; 


Two basic methods of accomplishing scanning 
are mechanical and electronic. In mechanical 
scanning, the beam can be moved in various 
ways. The entire antenna can be moved in the 
desired pattern; the feeder can be moved relative 
to a fixed reflector; or the reflector can be 
moved relative to a fixed source. In electronic 
scanning, the beam is effectively moved by such 
means as switching between a set of feeder 
sources, varying the phasing between elements in 
a multielement array, and comparing the ampli¬ 
tude and phase differences between signals re¬ 
ceived by a multielement array. A combination 
of mechanical and electronic scanning is also 
used in some antenna systems. 

MECHANICAL SCANNING 

A common form of scanning for target track¬ 
ing or missile beam rider systems is conical 
scanning. This is generally accomplished mechan¬ 
ically by nutating the RF feed point. 


Nutating Lobe 


By movement of either the waveguide or the 
antenna it is possible to generate a conical^ 
scan pattern, as shown in figure 8-4l. The axis 
of the radar lobe is made to sweep out a cone' 
in space; the apex of this cone is, of course, at 
the radar transmitter antenna or reflector. At 
any given distance from the antenna, the path ofl 
the lobe axis is a circle. Within the usefur 
range of the beam, the inner edge of the lob^ 
at all times overlaps the axis of scan. 

Now assume that we use a conically sci 
beam for target tracking. If the target is on 
scan axis, the strength of the reflected signals 
will remain constant (or change gradually as tlvf 
range changes). But if the target is slightly off 
the axis, the amplitude of the reflected signal# 
will change rapidly and periodically. For example, 
if the target is ABOVE the scan axis, the rew 
fleeted signals will be of maximum strength a 
the lobe sweeps through the highest part ot 
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its cone; they will quickly decrease to a minimum 
as the lobe sweeps through the lowest part. In¬ 
formation on the instantaneous position of the 
beam relative to the scan axis, and on the 
strength of the reflected signals, can be fed to 
a computer. This computer in the radar may be 
called angle tracking or angle servocircuit, or 
angle error detector. If the target moves off 
the scan axis, the computer will instantly deter¬ 
mine the direction and amount of antenna move¬ 
ment required to continue tracking. The computer 
output can be used to control servomechanisms 
hat move the antenna, so that the target will 

tracked accurately and automatically. 

When a conically scanned radar beam is used 
'or missile guidance, the desired path of the 
missile is not along the axis of the beam, but 
tlong the axis of the scan. 

SLECTRONIC SCANNING 

Electronic scanning can accomplish lobe 
notion more rapidly than, and without the inherent 
tiBadvantages of, the mechanical systems. Be- 
ause electronic scanning cannot generally cover 
s large a volume in space, however, it is 
Qmetimes combined with mechanical scanning in 
articular applications. 

..With monopulse or simultaneous lobing, all 
ftnge, bearing, and elevation angle information of 
•target is obtained from, as the name implies, 
single pulse. 

For target tracking, the radar discussed here 
reduces a narrow circular beam of pulsed RF 
aergy at a high pulse repetition rate. Each pulse 
t divided into four signals which are equal in 


amplitude and phase. The four signals are radiated 
at the same time from each of four feed horns 
grouped in a cluster. The radiated energy is 
focused into a beam by a microwave lens of the 
type mentioned previously. Energy reflected from 
targets is refocused by the lens into the feed- 
horns. The amount of the total energy received 
by each horn will vary, depending on the position 
of the target relative to the beam axis. This 
is illustrated in figure 8-42 for four targets at 
different positions with respect to the beam axis. 
Be sure to notice, and remember, that a phase 
inversion takes place at the microwave lens 
similar to the image inversion in an optical 
system. 

The amplitude of returned signals received 
by each horn is continuously compared with those 
received in the other horns, and error signals 
are generated which indicate the relative posi¬ 
tion of the target with respect to the axis of the 
beam. Angle servocircuits receive these error 
signals and correct the position of the radar 
beam to keep the beam axis on target. 

The traverse (train) signal is made up of 
signals from horns A and C added and from 
horns B and D added. By waveguide design the 
sum of B and D is made 180° out of phase with 
the sum A and C. These two are combined and 
the traverse signal is the difference of (A + C) - 
(B + D). Since the horns are positioned as shown 
in figure 8-43, the relative amplitudes of the 
horn signals give an indication of the magnitude 
of the traverse error. The elevation signal 
consists of the signals from horns C and D 
added 180° out of phase with A and B, i.e., 
(A + B) - (C + D). The sum or range signal is 
composed of signals from all four feedhorns 
added together in phase. It provides a refer¬ 
ence from which target direction from the center 
of the beam axis is measured. The range signal 
is also used as a phase reference for the 
traverse and elevation error signals. 

The traverse and elevation error signals 
are compared in the radar receiver with the 
range or reference signal. The output of the 
receiver may be positive or negative pulses, 
the amplitude of which is proportional to the 
angle between the beam axis and a line drawn 
to the target. The polarity of the output pulses 
indicates whether the target is above or below, 
to the right or to the left of the beam axis. 
Of course, if the target is directly on the line 
of sight, the output of the receiver is zero, 
and no angle tracking error is produced. 

An important advantage of a monopulse track¬ 
ing radar over one using conical scan is that 
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Figure 8-42.—Monopulse scanning-amplitude changes of received energy with target position. 


the instantaneous angular measurements are not 
subject to errors caused by target scintillation. 
(As the target maneuvers or moves, the radar 
beams bounce off different areas of the target 
and cause random reflectivity which may lead 
to tracking errors.) A monopulse tracking radar 
is not subject to this error because each pulse 
provides an angular measurement without regard 
to the rest of the pulse train; no cross-section 
fluctuations can affect the measurement. 

An additional advantage of monopulse track¬ 
ing is that no mechanical action is required, 
such as a whirling scanner to accommodate 
while trying to do precise tracking. 


DISCRIMINATION AND RESOLUTION 

When a target is to be tracked by radar, some 
difficulty is experienced in separating the target 


echo from background noise. This difficulty is 
most severe when a fast target is to be acquired 
initially by a tracking beam, because the different 
action between target and echo is limited by 
the skill of the operator. During the subsequent 
tracking period, this difficulty remains acute in 
that the radar beam may not be locked on the 
desired target. The tracking of a single target 
is made difficult when there are other targets 
in the vicinity of the desired target. The ability 
of a radar to separate a single target from 
among a number of targets is called its resolving 
power. A radar set must be able to separate 
a target in an attacking formation if a missile 
is to be directed successfully to that particular 
target. A formation of attacking aircraft composed 
of one priority target and a number of decoys, 
for example, may be so constituted and flown that 
a tracking beam will be unable to fix on one 
aircraft; instead it will tend to drift from one 
target to another and will center eventually on a 
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point midway between two targets. The effective¬ 
ness of a radar in defeating a countermeasure 
of this type will be dependent in general on the 
width of its range gate, relative to the spacing 
of the aircraft in the formation. Although the 
complex and variable nature of external noise, 
which cannot be separated from the internal noise 
in the receiver, increases the problem of resolu¬ 
tion of multiple targets; the utilization of a 
narrow-band velocity gate, a distinguishing fea¬ 
ture of CW-Doppler radars, is effective in 
eliminating some of this external noise that is pre¬ 
sent with the target echo. 

Range and velocity gating, used singly or 
together, permit the resolution in range and 
velocity of targets that are moving in radial 
paths toward the radar set. The ability of a 
radar to separate multiple targets which are 
at the same range but which are separated in 
angle depends on the optical resolving power of 
the beam. This factor varies directly with the 
wavelength and inversely with the effective diam¬ 
eter of the antenna. 

A narrow beam is advantageous from the 
standpoint of noise discrimination, because it is 


less likely to pick up extraneous noise than a 
beam of wider angle. However, the improvement 
in angular resolution is usually at the expense 
of range capability; hence the advantage of high 
angular resolution must be compared with the 
possible disadvantages to the overall performance 
of the radar or guidance system. 

FUNDAMENTAL ELEMENTS 
OF PULSE RADAR SYSTEMS 

Radar systems vary greatly in detail, but the 
basic features are essentially the same for all 
pulse radar sets. The functional block diagram 
shown in figure 8-43 includes the basic com¬ 
ponents that comprise a pulse radar system. 
The functional breakdown resolves itself into 
seven essential components: 

(1) The timer — synchronizes the transmit¬ 

ter pulse with the initiation 
of the time base in the 
indicator unit 

(2) The transmitter — generates RF energy in 

the form of high-power 
pulses 


$ 
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Figure 8-43. — Basic components of a pulse radar. 
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(3) The modulator — provides a high-voltage 

pulse which modulates 
the transmitter and forms 
the transmitted pulse. 

(4) The antenna 

system — the antenna has two prime 

purposes: 

1 ) radiates the RF energy 
output of the transmit¬ 
ter in a highly direc¬ 
tional beam 

2) Detects or receives re¬ 
turning echo energy and 
forwards it to the 
receiver 

(5) The TR and 

anti-TR switch — Most radar sets employ a 
single antenna for both 
transmission and recep¬ 
tion. This device assures 
that the receiver presents a 
high impedance path to the 
transmitted energy during 
periods in which the radar 
set is transmitting and that 


this impedance is eliminat¬ 
ed during periods in which 
the set is receiving. It,is 
commonly known as theTR 
(transmit-receive) switch 
or as a duplexer, and in 
certain instances as apoly- 
plexer 

(6) The receiver — amplifies and detects echo 

pulses, and produces 
amplified output video 
pulses sent to the indicator 

(7) The indicator — provides the visual display 

of radar information. 

THE TIMER 

The timer (fig. 8-44) performs the functions 
of establishing the pulse repetition rate of the 
radar system and of insuring that the modulator 
and the indicator operate in a definite time 
relationship with each other and initiate their 
functions at the instant that the transmitter 
produces a pulse of RF energy. Most radars 
are timed or synchronized by a self-blocking 
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oscillator, a sinusoidal oscillator, or a multi¬ 
vibrator, or by the rotary mechanical motion 
of a spark gap modulator. When oscillators are 
used to control the repetition frequency, the 
oscillator output is shaped or sharpened by 
peaking circuits before being applied as a trigger 
pulse to the transmitter to synchronize the start 
of the indicator sweep. The master timing signals 
may be taken from a ship master oscillator, in 
which case the radar is said to be externally 
synchronized, and the master timer in the radar 
Is turned off or bypassed. 

As illustrated, in figure 8-45, timing triggers 
are used for synchronizing and gating, that is 
for turning circuits on and off at the proper 
time. The timing triggers, which may be of 
positive or negative potential, are the output 
pulses developed in the timer network. The timing 


triggers that gate the receiver are usually sent 
through a delay device so that the receiver does 
not become operative until a short time after 
the pulse is transmitted, preventing receiver 
loading during pulse transmission. Timing trig¬ 
gers are used to gate both the indicator and 
the marker circuits that may be located in the 
indicator unit. A trigger is used to start the 
sweep function of the indicator at the proper 
time. 

THE TRANSMITTER 

The transmitter (fig. 8-46) functions to gen¬ 
erate high-power pulses under the control of 
the timer. The high-frequency oscillator used 
in this radar transmitter is a resonant cavity 
magnetron type. The frequency generated by the 
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Figure 8-45. — Use of timing triggers. 
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Figure 8-46. — Externally pulsed transmitter. 
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magnetron determines the wavelength of the radio 
waves that are radiated into space. The higher 
the frequency, the shorter the wavelength. Since 
short wavelengths can be concentrated into a beam 
by a relatively small antenna, the wavelengths 
utilized in military applications are only a few 
centimeters long, and often of an order of a 
centimeter or less. In order to produce such 
short wavelengths, the high-frequency oscillator 
must generate voltages that alternate at a fre¬ 
quency of several billion cycles per second. The 
magnetron is well adapted to this high-speed 
task. 

A magnetron consists primarily of a block 
of copper with resonant cavities inside. The 
magnetron is usually a diode with a cylindrical 
anode and an axial, filament-type cathode. A 
strong magnetic field from an external magnet 
is directed parallel to the fialment. When a 
pulse voltage from the modulator excites the 
cathode, electrons are caused to flow to the 
anode. 

During the electrons travel from cathode 
to anode the magnetic field causes them to 
alternately increase and decrease velocity. When 
the electrons pass the cavities they inpart energy 
to the cavities to start and sustain oscillations. 
The cavities are capable of sustaining a definite 
frequency, called the resonant frequency. The 
size of the cavity determines the frequency that 
will be sustained. The smaller the cavity, the 
higher the frequency. A typical microwave cavity 
magnetron is shown in figure 8-47. The power 
output is obtained either by a coupling loop or 
by a transformer section of a wave guide inserted 
into a cavity. The loop conveys the power gen¬ 
erated inside the magnetron to the wave guide 


and from there to the antenna to be sent out 
into space. 

Some radars utilize a power amplifier klystron 
or a traveling wave tube (TWT), described earlier 
in this chapter, in place of the magnetron. 

THE MODULATOR 

Since the magnetron is a self-excited oscil¬ 
lator, it is necessary for the modulator or pulse 
generator to modulate the full output of the 
tube. The term modulator is used to refer to the 
circuits which control the application of hig£ 
voltage to the magnetron. Since the expression 
modulate means to shape as well as to control, 
the modulator refers to the pulse-forming network 
as well as to the driver circuitry which produces 
the pulse that is delivered to the control grid 
of the modulator stage. 

Modulators are also called pulsers or keyers 
to denote their circuit function. There are two 
basic types of pulsers, hard-tube and line-type 
pulsers. The term hard-tube refers to a vacuum 
tube which controls a capacitor discharge. The 
pulse is formed in a driver unit and applied to 
the control grid of the vacuum tube which acts 
as a switch to control the pulse duration. In 
line-type pulsers, a lumped-constant transmis¬ 
sion line serves as both the energy storage driver 
and the pulse-shaping element and is called a 
pulse-forming network (PFN). 

The block diagrams of two types of modulator 
systems are illustrated in figure 8-48. The LINE 
PULSING MODULATOR (fig. 8-48A) consists of 
the following components: 

1. SOURCE —provides high voltage to the 
storage element in the modulator. 
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Figure 8-47. — The magnetron. 


2. Zch —The total impedance in the storage 
network charge path. 

3. SWITCH — allows the storage network to 
charge when open; allows the storage network 
to discharge when closed. 

4. PULSE FORMING NETWORK (PFN)— 
Stores the high voltage provided by the source. 
Also determines the shape and width of the high 
voltage pulse applied to the load. 


5. LOAD—Primary winding of the pulse 
transformer. 

The DRIVER HARD TUBE MODULATOR (fig. 
8-48B) differs from the line pulsing type in many 
respects. (A hard tube is an electron tube which 
has been evacuated to approach a perfect vacuum 
as opposed to a tube which contains an appre¬ 
ciable amount of gas (soft tube).) Although the 
source load (Z c ^),the source, and the load are 
similar to the line pulsing type, the storage net¬ 
work in the hard tube system does not shape 
the output pulse. The hard tube modulator con¬ 
sists of the following components: 

1. Z ch SOURCE LOAD —same as in the line 
pulsing type. 

2. STORAGE NETWORK—Usually a large 
capacitor. (Does not determine pulse width.) 

3. HARD TUBE SWITCH — Controls the charge 
and discharge of the storage unit. When the 
switch tube is cut off, the storage unit charges; 
when the switch tube conducts, the storage unit 
discharges. 

4. DRIVER —Input is a trigger from the 
master timer; output is a HV pulse used to drive 
the switch tube into conduction. Since the width 
of this pulse determines how long the switch 
tube will conduct, the driver pulse width will 
determine the width of the HV pulse applied to 
the load. 



(A) LINE PULSING MODULATOR 


CHARGE PATH -- DISCHARGE PATH --*► 



(B) DRIVER HARD-TUBE MODULATOR 
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Figure 8-48.— Two types of modulators. 


297 


Digitized by 


Google 















































FIRE CONTROL TECHNICIAN (M) 3 & 2 


Whichever type is employed, the modulator 
furnishes a high-value voltage to the RF oscil¬ 
lator for the predetermined pulsing time, and is 
responsible for the pulse duration time of the 
RF oscillator. 

After the pulse forming network has been 
charged, some method of switching must be pro¬ 
vided to allow the pulse forming network to 
discharge through the load. The switch mist 
be able to handle a high pulse repetition fre¬ 
quency and pass a current flow which may 
exceed 100 amperes. The switch must also 
provide accurate control of the on and off time 
interval. 

One method of switching is illustrated in 
figure 8-49A. In this case, a hydrogen thyratron 
is used as the switching device. During t (fig. 
8-49B) the thyratron is not conducting, and the 
pulse forming network (line) charges through 
L c h and the charging diode. The pulse forming 
network charges to approximately 1.8 times 
the source voltage. At the start of t 2 » a trigger 
pulse, which corresponds in time with'the master 
timer trigger, is applied to the grid of the 
thyratron. The thyratron is driven into conduc¬ 
tion, allowing the line to discharge into the 
load. Since the line impedance (Z Q ) of the line 
is closely matched to the impedance of the load 
Z , one half of the line voltage is dropped 
across the load. 



179.668 

Figure 8-49. — Modulator using a thyratron 
switch. 


At the end of t 2 , the line voltage decreases 
rapidly and the thyratron de-ionizes. The width 
of the pulse appearing across the load is deter¬ 
mined by the two way delay time of the line. 

The bypass diode and inductor L are con¬ 
nected in shunt with the thyratron to prevent 
inverse charging of the line. If an inverse 
charge is present on the line, the bypass diode 
conducts providing a discharge path through the 
inductor. The discharge current produces a 
magnetic field around Ll. When the discharge 
current stops, the field around Ll collapses 
causing a slight charge of the proper polarity 
in the pulse forming network. 

Pulse Transformer 

The load connected to the line or storage 
circuit, will be applied to the pulse transformer 
of a magnetron (master oscillator power ampli¬ 
fier). A pulse transformer is used to step up 
the high voltage pulse from the pulse forming 
network and provide impedance matching between 
the magnetron and the line. Pulse transformer 
design is critical because of the high frequency 
components present in the output pulse. The 
core is composed of thin lam'nations of ferro¬ 
magnetic material, usually silicon steel. Close 
coupling between primary and secondary reduces 
leaking inductance to preserve the steep lead¬ 
ing edge of the input pulse. Low interwinding 
capacitance is desired to prevent high frequency 
oscillations. Close coupling is attained between 
primary and secondary by winding the primary 
directly on the secondary and by using the same 
leg of the core for both windings. The second¬ 
ary is usually a BIFILAR WINDING. 

The bifilar winding secondary is illustrated 
in figure 8-50. It is made up of two insulated 
conductors, wound side by side so that exactly 
the same voltage is induced in each. The bi¬ 
filar winding acts as two secondaries which 
have equal and inphase voltages induced in 
them. The bifilar winding permits the use of 
a filament secondary without high voltage in¬ 
sulation. 

Bypass capacitors, Cl and C2, are often 
used so that pulse current will flow directly 
to the bifilar winding, without affecting the 
filament circuit. 

Protective Devices 

Occasionally, an OVERVOLTAGE condition 
may exist in the pulse forming network. The 
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Figure 8-50. — Bifilar secondary. 


179.669 


Stray capacitance and leakage inductance in 
the pulse transformer secondary circuit, pro¬ 
duce a series of oscillations after the main 
pulse has been applied (fig. 8-51B). The negative 
portions of this waveshape will produce a spurious 
output from the magnetron which can obliterate 
any short range targets. These oscillations are 
not produced during the main pulse, due to the 
low impedance shunting provided by the con¬ 
ducting magnetron. A DAMPING DIODE is con¬ 
nected in parallel with the magnetron to eliminate 
the effects of these oscillations. When the nega¬ 
tive main pulse is applied to the magnetron 
cathode, the damping diode does not conduct. 
The damping diode will conduct during the posi¬ 
tive portion of the oscillations (fig. 8-51C); 
shunting the magnetron with a low impedance 
and causing the oscillations to dampen very 
rapidly. 


line will charge to a higher voltage than normal, 
and an excessively high negative pulse will be 
applied to the magnetron. Frequent overvoltages 
can cause arcing and damage to the magnetron. 
An overvoltage spark gap is connected across 
the pulse transformer secondary to prevent 
excessively high pulse voltages from being ap¬ 
plied to the magnetron (fig. 8-51). The gap 
Width is manually adjusted for the desired value 
of voltage which will produce arcover. 



179.670 

Figure 8-51. — Protective devices used with the 
magnetron. 


THE ANTENNA SYSTEM 

As you have already learned, the antenna 
system consists of a reflector or lens for 
beaming the radiated energy; and for conical 
scanning radars, a motor for nutating the feed- 
horn. 

The servo positioning units which position 
the antenna (fire control director) in train and 
elevation are not always a physical part of the 
antenna, but are connected to the fire control 
director and will be explained in the next chapter. 

TR AND ANTI-TR DEVICES 


In a radar set, the transmit-receive switch is 
a part of the transmission line structure. When¬ 
ever a single antenna is used for both trans¬ 
mitting and receiving, some means must be pro¬ 
vided to keep the high power output of the 
transmitter from entering the receiver circuitry 
during the transmit portion of the cycle and 
to provide a path to the receiver for the echo 
signal during the receive portion of the cycle, 
while preventing an energy loss to the trans¬ 
mitter. The TR device performs the first of 
these functions, and the anti-TR device per¬ 
forms the second. As a result of the high fre¬ 
quencies employed, no mechanical switching 
arrangements are available which can effectively 
operate within microsecond limitations. 

The simplest and most basic device that can 
be substituted for a mechanical switch is a 
spark gap because it acts as an open circuit 
(infinite impedance) until sufficient voltage is 
applied to cause arcing, at which time it has 
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Figure 8-52. — TR and ATR principles. 


the characteristics of a short circuit (zero 
impedance), figure 8-52. 

In order to analyze the overall action of the 
TR-ATR circuits, recall that a quarter-wave¬ 
length section of transmission line (or odd mul¬ 
tiple thereof) inverts the impedance from end to 
end. (Wavelength impedances are discussed in 
Basic Electronics, NAVPERS 10087-C.) The TR 
spark gap in figure 8-53 is located in the receiver 
coupling line one-quarter wavelength from the 
tee (T) junction. A quarter-wavelength from the 
T junction (in the direction of the transmitter) 
a half-wavelength, closed-end section of trans¬ 
mission line, called a STUB, is shunted across 
the main transmission line. An ATR spark 
gap is located in this line one-quarter wave¬ 
length from the main transmission line, and 
one-quarter wavelength from the closed end 
of the stub. As shown in figure 8-53, the an¬ 
tenna impedance, the line impedance, and the 



Figure 8-54. — Parallel connected duplexer sys¬ 
tem during transmission. 


transmitter output impedance when transmitting 
are all equal. 

During the transmitting pulse, an arc appears 
across both spark gaps and causes the TR and 
ATR circuits to act as a shorted (closed-end) 
quarter-wave stub and reflect an open circuit to 
the TR and ATR circuit connections to the main 
transmission line (fig. 8-54). 

None of the transmitted energy can pass 
through these reflected opens into the ATR stub 
or into the receiver. Therefore, all of the trans¬ 
mitted pulses is directed to the antenna. 

During reception, the amplitude of the received 
echo is not sufficient to cause an arc across either 
spark gap (fig. 8-55). Under this condition, the ATR 
circuit now acts as a half-wave transmission line 
terminated in a short-circuit. This is reflected 
as an open circuit at the receiver T junction, 


T-JUNCTION 



67.20(179) 

Figure 8-53. —Parallel connected duplexer sys¬ 
tem showing distance and impedance. 



Figure 8-55. — Parallel connected duplexer sys* 
tern during reception. 
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three-quarter wavelengths away. The received 
echo see6 an open circuit in the direction of the 
transmitter. However, the receiver input im¬ 
pedance is matched to the transmission line im¬ 
pedance so that the entire received signal will 
go to the receiver with a minimum amount of 
loss. 

Standing Wave Ratio 

A standing wave is a distribution of current 
and voltage in a waveguide formed by two sets 
of waves traveling in opposite directions, caused 
by reflections within the waveguide. Improper 
waveguide coupling between RF lines and the 
antenna or transmitter, for instance, may produce 
an impedance mismatch resulting in a high stand¬ 
ing wave ratio, magnetron or klystron insta¬ 
bility, and a general reduction in system per¬ 
formance. 

The antenna system, to efficiently transfer RF 
energy, should have a low standing wave ratio 
(SWR). Two devices, couplers and slotted line 
sections, are used to provide points at which 
this ratio measurement may be made. Couplers 
and slotted lines may be either built into the 
system or come separately as test equipment. 

A low standing wave ratio is maintained prin¬ 
cipally for the following reasons: Reflections 
occurring in the RF line cause magnetron pulling 
and may result in faulty pulsing; arc-over may 
occur in the RF line at maximum voltage points; 
mechanical breakdown in the line sometimes 
may occur, due to the development of hot spots. 

RECEIVERS 

The RF echo pulses reflected by a distant 
object are simTar to the transmitted pulses dis¬ 
cussed previously, but are considerably dimin¬ 
ished in amplitude. These minute signals are 
amplified and converted into video pulses by the 
receiver. A voltage amolification in the order of 
ioio is required to produce a video pulse of 
sufficient amplitude to intensify the beamofacrt. 
The receiver must accomplish this amplification 
with minimum introduction of noise voltages. 

The superheterodyne receiver is exclusively 
used in microwave systems. A simple block dia¬ 
gram of a microwave receiver based on the 
superheterodyne principle is shown in figure 8-56. 
The echo signal enters the system via the 
antenna shown in the upper left-hand corner of 
figire 8-56. It passes through the duplexer (TR 
|and anti-TR) and is amplified by the low-noise 
RF amplifier. (TWT’s, parametric amplifiers, and 


masers are representative devices which are 
used as low noise, high gain RF amplifiers.) 
When external noise is negligible, the noise 
generated by the input stage of the receiver 
largely determines the receiver sensitivity. In 
early radar receivers and some present day 
receivers, an RF amplifier is not used and the 
mixer is the first stage (as indicated by the 
dashed path in fig. 8-56). The function of the 
mixer stage, or first detector, is to translate 
the RF to a lower intermediate frequency, usually 
30 or 60 MHz. This is accomplished by heter¬ 
odyning the returning RF signal echo with a 
local oscillator signal in a nonlinear device 
(mixer) and extracting the signal component at 
the difference frequency (IF). The purpose of this 
process is that by using the intermediate fre¬ 
quency, the necessary gain is easier to obtain 
than by using the higher RF. It is also easier 
to develop the response function (or bandpass 
characteristic) of the receiver IF stages. The 
second detector, which is sometimes an electron 
tube but more often a crystal rectifier, extracts 
the video modulation from the carrier. The 
modulation is amplified in the video stages to a 
level high enough to operate the indicator or 
display devices. 

Automatic Frequency 
Control (AFC) 

The AFC system (fig. 8-56) normally employed 
to keep the receiver in tune with the transmitter 
is known as a DIFFERENCE-FREQUENCE SYS¬ 
TEM. In this system a portion of the transmitter 
signal is coupled into the AFC mixer and is heter¬ 
odyned with the local oscillator signal. If the 
transmitter and receiver are correctly in tune, 
the resultant difference frequency will be at the 
correct IF. If the receiver is not in tune with 
the transmitter, the difference frequency will not 
be correct. Any deviation from the correct IF 
signal is detected by the AFC frequency dis¬ 
criminator, which in turn, generates an error 
voltage which magnitude is proportional to the 
deviation from the correct IF, and which polarity 
determines the direction of the error. The error 
voltage corrects the frequency of the local oscil¬ 
lator common to both the receiver mixer and 
AFC mixer. 

Local Oscillator 

In radar, most receivers use 30- or 60-MHz 
intermediate frequencies. A highly important 
factor in receiver operation is the tracking 
stability of the local oscillator which generates 
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Figure 8-56. — Microwave receiver based on the superheterodyne principle. 


I79.32 


the frequency that beats with the incom'ng signal 
to produce the IF. For example, if the local 
oscillator frequency is 3000 MHz, a frequency 
shift of as much as 0.1% would be a 3-MHz 
frequency shift. This is equal to the bandwidth 
of most receivers and would cause a considerable 
loss in gain,, 

In receivers which use crystal mixers, the 
power required of the local oscillator is small, 
being only 20 to 50 milliwatts in the 4000-MHz 
region. Due to the very loose coupling, only about 
one milliwatt actually reaches the crystal. 

Another requirement of a local oscillator is 
that it must be tunable over a range of several 
megahertz. This is to compensate for changes in 
the transmitted frequencies and in its own fre¬ 
quency. It is desirable that the local oscillator 
have the capability of being tuned by varying the 
voltage applied to it. 

Because the reflex klystron meets the above 
requirements, it is used as a local oscillator in 
microwave receivers. 


Balanced Mixer 

. r > 

One type of mixer which cancels local os&l 
lator noise is the BALANCED, or HYBIS 
MIXER (sometimes called the MAGIC TES 
Figure 8-57 illustrates this type of mixer,* 
hybrid mixers, crystals are inserted direct 
into the waveguide. The crystals are located q| 
quarter wavelength from their respective shffl 
circuited waveguide ends. This is a point! 
maxim am voltage along a tuned line. The crysfi 
are also connected to a balanced transformer* 
secondary of which is tuned to the desired! 
The local oscillator signal is introduced intx» 
waveguide local oscillator arm and distrinj 
itself as shown in figure 8-58A. Observe thatj 
LO signal is the same phase for each crys! 
The echo signal is introduced into the echosigl 
arm of the waveguide and is of different phy 
for each crystal, as illlustrated in figure 849 
The resulting fields are illustrated in fin 
8-58C. * 
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Figure 8-57. — Balanced hybrid crystal mixer. 


range to accommodate the expected variation of 
echo signal power. They mast have a low noise 
figure and a bandpass wide enough to accommodate 
the range of frequencies associated with the 
echo pulse. 

The most critical stage of a microwave 
receiver’s IF section is the input or first stage. 
Upon the excellence of this stage, depends the 
noise figure of the receiver and the performance 
of the entire receiving system with respect to 
detection of small objects at long ranges. Not 
only must gain and bandwidth be considered in 


CRYSTAL CRYSTAL 



Since there is a difference in phase between 
echo signals applied across the two crystals, and 
because the signal applied to the crystals from the 
LO is in phase, there will be a condition when both 
signals applied to crystal £1 will be in phase, and 
the signals applied to crystal #2 will be out of 
phase. This means that an IF signal of one polarity 
Will be produced across crystal #1 and an IF 
signal of the opposite polarity will be produced 
|£ro68 crystal 4 2. When these two signals are 
applied to the balanced output transformer (fig. 
£•57) they will add. Outputs of the same polarity 
Will cancel across the balanced transformer. 
\ It is this action which eliminates the LO noise. 
Lolse components which are introduced from the 
are in phase across the crystals and are there- 
cancelled in the balanced transformer. It 
necessary that the RF admittances of the 
Is be nearly equal or the LO noise will 
completely cancel. Jt should be noted that 
the noise produced by the LO is cancelled, 
se arriving with the echo signal is not affected. 

Amplifiers 



[„ The IF section of a microwave receiver 
ermines the receivers gain, signal-to-noise 
and effective bandwidth. The IF amplifier 
>s must have sufficient gain and dynamic 




179.740 

Figure 8-58. —Balanced mixer fields. 
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the design of the first IF stage, but also, and 
perhaps of more importance, noise generation in 
this stage must be low. Noise generated in the 
input IF stage will be amplified by succeeding 
stages and may exceed the echo signal in strength. 

IF stages succeeding the first stage may use 
pentodes to achieve higher gain. This is possible 
because the signal level has been sufficiently in¬ 
creased by the low noise input stage so as to 
preclude problems caused by noise generation of 
pentodes. 

The gain of an IF amplifier is high. Because 
of this high gain, caution must be used to prevent 
the least amount of regenerative feedback. A 
small value of voltage in the proper phase fed 
back to a previous IF stage will cause the 
amplifier to break into oscillations. Because of 
this, great care is taken to minimize the possi¬ 
bility of positive feedback. Extensive decoupling 
in the plate and heater circuits of microwave IF 
amplifiers is necessary and generally provided. 
IF amplifiers in m’crowave receivers are usually 
isolated and well shielded to prevent any un¬ 
desired feedback or coupling. 

The tuning of an IF amplifier section is 
generally critical. Whenever required, it should 
be done in accordance with the instructions 
contained in the manual for the particular equip¬ 
ment concerned, and care should be excercised. 

Video Detector 
and Amplifier 

The output of the IF stage is converted to 
video-frequency signals by the detector stage, 
which is usually a diode. There is normally a 
slight loss of amplification in this stage. The 
video amplifier is used to amplify the detected 
pulse voltage to the required magnitude necessary 
to operate the indicator. A cathode follower is 
used to couple the video signal output to the 
indicator. A characteristic of a cathode follower 
is its impedance-matching ability. It is necessary 
to match the output impedance of the video ampli¬ 
fier to the input admittance of the scope, to 
minimize the noise, distortions and attenuations 
that would normally occur when a coaxial cable 
is used to feed signals through to a remotely 
located indicator. 

Receiver Sensitivity 

Increasing the sensitivity of the receiver also 
increases the maximum range of the radar set. 
The more sensitive the receiver, the longer the 
maximum range at which an echo signal can be 


detected. The ability of the receiver to detect 
and amplify a minute quantity of energy is a 
mark of the quality of the receiver and the factor 
which determines the maximum range of the 
radar set. 

The method of measuring receiver sensitivity 
will be examined in chapter 12 . 

DISPLAY OF INFORMATION 

After the video pulse has been amplified, 
it must be supplied to the indicator. An indicator 
produces a visual indication of the echo pulses 
in a manner designed to furnish required infor¬ 
mation content. The parameters desired are 
range, bearing, and elevation of targets. The 
indicator may be some distance from the radar 
receiver. The output of video amplifiers must 
be transm'tted, by coaxial cable, to the indicator. 
To accomplish this with a maximum transfer of 
power requires that the output impedance of the 
video amplifier be matched to the impedance of 
the coaxial cable. As the characteristic impedance 
of coaxial cable is relatively low, a cathode fol¬ 
lower is used to accomplish the impedance match. 

If the video signal must be transmitted a 
considerable distance, there may be a significant 
cable attenuation loss. To overcome such line 
losses, indicators contain additional video ampli¬ 
fiers. 

Types of Radar Scopes ! 

The type-A presentation (fig. 8-59A) is used 
to determine range. The screen of this scope 
has a short persistence. The echo causes a vertical 
displacement of the electron beam, the amplitude 
of which depends on the strength of the returned 
signal pulse. The point on the horizontal base 
line at which the vertical displacement occurs 
indicates the range. 

The E scan (fig. 8-59B) presentation is another 
type of scan for presenting range and height 
information. The E scan is also known as the 
RHI (Range Height Indicator) scan. In the type E 
scan an echo appears as a bright spot with range 
indicated by the horizontal coordinate and the 
elevation (height) as the vertical coordinate. Thill 
type is used in Weapons Direction Equipmdnj 
(WDE) and Weapons Control Stations (WCSJ1 

The PPI (Plan Position Indicator) presentation 
(fig. 8-59C) is the most common type of scan 
for range and bearing information. It utilizes ad 
intensity-modulated system with a linear radial 
sweep for range, and a circular sweep (synchron¬ 
ized with antenna bearing) for target bearing.* 
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A.TYPE A SCAN 

M (movable R (expanded linear 

pedestal for sweep for 

accurate ranging) accurate ranging) 



TYPE A SCAN MODIFIED 



B. TYPE C SCAN 



OCAO ASTERN 

C. TYPE P (PPI) 


Figure 8-59. —Radar indicators. 
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{ CW RADAR SYSTEMS 

5 The basic components of a CW Doppler type 
Adar are a TRANSMITTER (oscillator), MODU¬ 
LATOR, ANTENNA, RECEIVER and INDICATOR, 
rasically, circuit operation of a CW radar is 
^hnilar to that of a pulse radar. 

Fundamental doppler system 

/ 

‘ A block diagram of a basic Doppler radar is 
^ustrated in figure 8-60. The transmitter output 


frequency of 3000 mHz (10 cm) is modulated 
with the second harmonic output of a 15-mHz 
oscillator. The 3030-mHz modulated signal is fed 
into the crystal mixer stage. The crystal mixer 
heterodynes the 3030-mHz signal with the received 
signal. The frequency of the received signal is 
now 3000 mHz plus or minus an audio Doppler 
shift frequency caused by a motion of the target. 
The resultant frequency is fed to the IF ampli¬ 
fier. The frequency modulator of the tranarmtter 
assures a constant intermediate frequency and 
avoids tuning problems. The IF amplifier stage, 
a predetermined high-voltage gain stage, is 
tuned to a narrow IF bandwidth. The output of 
this stage is fed to the second detector. The 
second detector stage utilizes a 30-mHz crystal 
oscillator to beat against the output of the IF 
amplifier, producing the audio Doppler-shift fre¬ 
quency. The audio frequency is then amplified 
in the audio amplifier and applied to the indicator. 
The system as described does not indicate the 
magnitude of the radial velocity and is a basic 
simple Doppler Radar system used to indicate 
changes in velocity. 

COMBINATION SYSTEMS 

The previously described CW Doppler radar 
can distinguish between fixed and moving targets 
and measure velocity, but cannot measure range. 

Pulse radars can measure range, but they 
cannot reject clutter echoes from fixed targets. 
A combination of the two can be used to measure 
the range and the velocity of a moving target. 

Such a combination radar set may be designed 
either as a pulse-modulated Doppler radar or as 
a moving target indicator (MTI) radar. If the 
pulse length is more than 10 percent of the wave¬ 
length, the radar set is classified as a CW 
pulse-modulated Doppler system; if the pulse 
length is less than 10 percent of the wave¬ 
length, the set is classified as an MTI system. 
The shorter pulse length oi MTI radars gives 
them greater resolution and permits them to 
handle more targets simultaneously. However, 
the longer pulse length of pulse-modulated Doppler 
radar permits more efficient recovery of Doppler 
frequencies and better rejection of clutter echoes 
from stationary targets. 

Pulse-Modulated 
Doppler System 

The block diagram of a pulse-modulated Dop¬ 
pler system is shown in figure 8-61. Since pulses 
are used, only one antenna is needed. The square- 
wave generator, modulator, and TR and ATR 
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Figure 8-60. — Basic Doppler radar system, block diagram. 


167.772 


tubes control the keying cycle, as in any pulse 
radar. 

The video pulse-echo waveforms, figure 8-62, 
are shown. The Doppler frequency appears as the 
envelope frequency of the waveform. The change 
in phase from pulse to pulse is caused by the 
motion of the target. The distance traveled by 
the target between pulses is vT, where v = 
velocity of target and T = time between pulses. 
Therefore, each pulse travels a distance of 
2vT (or 2vT/x wavelengths) less than the pre¬ 
ceding pulse. This is equivalent to a phase change 
of 2(2vT/^) between pulses, or to the Doppler 
frequency. 

The echo waveform can be explained also in 
terms of frequency components. A pulsed carrier 
consists of a carrier frequency plus the com¬ 
ponents due to the pulse waveform. A rectangular 
pulse repeated at a frequency f , has components 
of f , 2f , 3f ,. . .and so forth, that is, nf , 
where n = any integer. If the pulsed carrier 
is heterodyned to zero frequency, the carrier 
frequency is translated to zero frequency. How¬ 
ever, any other components do not disappear, 
and the output consists of the video components, 
nf r , plus whatever Doppler is imposed on the 
signal by target motion. 


Echoes from stationary targets, as illustrated, 
have components of nf after the carrier has been 
removed. The echoes from a moving target have 
a Doppler-frequency (f^) added to the square- 
wave frequencies (nf ). Just as any amplitude- 
modulated wave is the vector sum of a carrier 
and one or more sidebands, the sum of nf r 
and f^ is a succession of pulses (nf ) which are 
amplitude modulated at the Doppler frequency 
(f^). The rejection of clutter echoes and the re¬ 
covery of range information from the Doppler 
frequency is based on the fact that the echoes 
from moving targets have frequency components 
nf r + f^, whereas echoes from fixed targets 
have nf r components. 

Each echo is heterodyned first to 30 mHz, 
and then to zero frequency, as in the simple 
Doppler system. The envelope of the output of 
mixer 3 thus contains only frequencies of nf r 
(from the pulses) and f^ (from Doppler effect), 
so that the echoes from stationary targets are 
as shown in curve (A), and those from moving 
targets as in curve (B), in figure 8-62, 

The signals from stationary objects are re¬ 
jected in the clutter filter which follows nvxer 3. 
The clutter filter is a series of narrow banc 
cut-off or infinite attenuation filters that rejed 
frequencies of f,, 2f,, 3f , ... and so forth, 
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Figure 8-61. — Pulse-modulated Doppler system, block diagram. 
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The output of the clutter filter thus consists 
only of Doppler-frequency pulses, that is, pulses 
whose amplitude changes from pulse to pulse, 
as in curve (B). Note that the Doppler pulses 
and the stationary target pulses have slightly 
different shapes at the tops. The clutter filter 
can be thought of as recognizing the difference 
and rejecting the echo from the stationary target. 

Next, Doppler-frequency pulses are rectified 
to give the form shown in curve (C); they are 
then filtered and limited to give the form shown 
in curve (D). The rectification reintroduces the 
repetition-frequency components (nf ), and the 
final waveform has range information in the form 
of distances between leading edges. The video 
signal is presented on a PPI display to measure 
the range of the moving target. 


J_n_n_ 

CURVES showing video signals from stationary 

and MOVING TARGETS, AND RECOVERY OF RANGE 
FROM MOVING-TARGET ECHOES 

167.774 

Figure 8-62, — Curves showing video signals from 
stationary and moving targets. 


MTI Radar 

Although pulse-modulated Doppler has good 
rejection of ground clutter, and emphasis in 
development for naval applications is on MTI. 
This is due to the better resolution of MTI 
radar. 

Although MTI radars are pulse radars, the 
principles of MTI and pulse-modulated Doppler 
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radars are so similar that the basic principles 
of MTI will be discussed at this time. 

If the echoes from fixed and moving targets, 
fig. 8-63, are presented on an A scope, they 
appear as shown. The echoes from a moving 
target vary in amplitude and give the signal a 
fluttering appearance; the echoes from a sta¬ 
tionary target have steady amplitude. The pulse- 
modulated Doppler system uses filters to reject 
the pulses of constant amplitude, whereas MTi 
systems use pulse-to-pulse cancellation of 
echoes. The first four curves illustrated are the 
four individual traces shown superimposed on the 
A scope. If the signals of sweep 1 are delayed 
for an interval equal to the repetition period and 
then subtracted from the signals of sweep 2, 
all signals of constant amplitude are cancelled 
and only variations between successive pulses 
remain. The last three traces show the can¬ 
celled signals. 

One method of delaying the pulses is to use 
a supersonic delay line. The subtraction process 
can be carried out continuously by the arrange¬ 
ment shown. The video signals from the receiver 
are sent through two channels, one of which 
contains the delay line. The undelayed echoes 
and the delayed echoes are then compared in a 
subtraction circuit, after which the difference 
signals are presented on an A or PPI indicator. 
The delay line and subtraction circuits perform 
the function of the clutter filter and range¬ 
restoring elements in the pulse-modulated Dop¬ 
pler system; that is, pulses of constant ampli¬ 
tude are rejected and Doppler pulses of variable 
amplitude are accepted. 

One type of supersonic delay line consists of 
two electromechanical (piezoelectric) trans¬ 
ducers separated by a medium in which the pulse 
travels at reduced speed. The video signal is 
introduced between the mercury in the end-cell 
and that in the delay tube. The voltage across 
the piezoelectric crystal deforms the crystal. 
Tie vibrations are communicated to the mer¬ 
cury in the delay line as a supersonic wave, 
which travels in mercury at the velocity of 
1,700 feet per second. The length of delay line 
determines the amount of delay. At the output 
end, the wave causes the crystal to vibrate and 
produce an alternating voltage. The output voltage 
is taken from another end cell. The end cells 
are used as electrodes to introduce and recover 
the video signals and also to terminate the delay 
line with the proper impedance. 

The response of the crystals does not permit 
undistorted transmission of the video pulses at 
the input and output. An undamped crystal has 



fixed mul moving tar net* 



cancellation of echoes 



cancelling signals by subtraction 



MERCURY MERCURY 

END CELL . . , END CELL 

suftersomc delay line 


167.77 

Figure 8-63. — Cancelling echo return signals i 
the MTI radar. 
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Figure 8-64. — MTI subtraction circuit. 


167.776 


do high a Q and cannot transmit microsecond 
ulses, A critically damped crystal has a Q 
ear unity, with maximum response at the re- 
onant frequency of the crystal and zero response 
t zero frequency. Whether the crystal is damped 
r not, a video pulse in the shape of a square 
rave would be distorted. To avoid distortion, 
tie pulses are used to modulate a carrier, the 
requency of which is the resonant frequency of 
tie crystal. 

The video signals from the MTI receiver 
mplitude modulate a 15-mHz oscillator. The 
mplitude-modulated carrier is sent through the 
elay line and then subtracted from the undelayed 
arrier in the subtraction circuit. The subtrac- 
on circuit (fig. 8-64) consists merely of two 
lodes arranged to give opposite polarities at 
le output, so that signals of equal amplitude 
roduce zero output. 

In addition to the supersonic delay line, another 
evice for delaying the echo signals in an MTI 
ystem is a storage tube, which is similar to the 
jonoscope used in television. However, mercury 


of quartz delay lines are used more often in 
MTI systems that are now being tested. 

A complete M TI system is shown in figure 
8-65. As in the simple Doppler system, the echoes 
are translated to zero frequency by heterodyning 
in the receiver at the intermediate frequency. 
The CW reference signal that is used in the 
heterodyning process is obtained from the co¬ 
herent IF oscillator. When pulsed, the trans¬ 
mitter starts with random phase from pulse to 
pulse. The phase of the reference oscillator 
must be matched, or locked to that of the 
transmitter at each instant of pulse transmission, 
since the phase change beating oscillator and 
returning echo is the basis for the recovery 
of the Doppler-shift pulses. 

An RF locking pulse from the transmitter is 
used to phase the oscillator. The locking pulse 
is said to make the oscillator inherent with the 
transmitter, and the oscillator is called a co¬ 
herent oscillator or coho. 

Various MTI systems are under development 
for naval purposes. The systems differ in the 
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methods employed for interlocking the transmitter 
and coho at RF or IF frequencies, and in the 
types and location of the delay and subtraction 
circuits employed. 

Moving-target indication circuits can be added 
o a radar aboard ships by compensating for 
the velocity of the ship. Tbe compensation can 
">e done by a phase-shift unit. The phase-shift 
init (fig. 8-66) changes the phase of the reference 
signal at the same rate that the phase of echoes 
from fixed targets is being changed by the motion 
of the ship. 


Pulse radars can measure range, but cannot 
reject clutter echoes from fixed targets. The CW 
Doppler radar can distinguish between fixed and 
moving targets and measure range rate. There¬ 
fore, when a system requirement is the measure¬ 
ment of range and range rate of a moving target, 
a combination of pulse and CW can be used. 

In the above paragraphs, no attempt has 
been made to establish one system or radar 
type as being better than the other. All systems 
have their advantages, disadvantages and areas 
of best application. Each system must stand on 
its ability to perform a particular mission. 


COMPARISON OF PULSE 
AND CW RADAR 


RADAR COLLIMATION 


The operating principles of the two basic 
types of radar have been discussed. A brief 
comparison of certain aspects of each is desir¬ 
able to better understand the employment of 
these radars. 

By now it should be clear that pulse radar 
measures range to a target by timing a pulse 
of RF energy in transit to and from a target. 
The more accurately the pulse radar can meas¬ 
ure this time, the more accurately it can meas¬ 
ure range and fix the target’s position. On 
the other hand, CW radar has no inherent means 
of measuring range, since there are no pulses 
to time. Various means of range measurement 
using a CW system are possible, but they are 
at best compromises and inferior in accuracy 
when compared to pulse radars. Therefore, if 
a given radar system must geographically fix 
a target’s position accurately, a pulse radar 
would be best. 


Radar collimation provides for the parallel 
alignment of the radar beam a:tis and optical 
axis of the radar antenna. This can be accom¬ 
plished by the use of a shore tower on which is 
located an optical target and a radar horn antenna 
(fig. 8-67). The horn antenna is connected to 
RF power measuring equipment and is properly 
positioned in relation to the optical target. The 
horn antenna displacement, relative to the opticaL 
target, would be determined by the relatives 
displacement of the two axes (optical and RF>J 
as measured at the radar. 

To check or adjust for parallelism of thee 
two axes, the radar antenna is trained and 
elevated until the cross hairs of the optical 
sight intersect the optical target. At this time,! 
maximum RF energy should be directed into the! 
horn antenna as measured by the power measuring! 
equipment. If not, the axes are not collimated' 
and appropriate adjustment procedures should bea 
accomplished. In brief, this requires that onei 

i 



Figure 8-66. — Compensating for own ship movement. 


167.778^ 

( 


310 


Digitized by t^ooQle 












Chapter 3 — FUNDAMENTALS OF FIRE CONTROL RADARS 



ixls be aligned to the other until they are 
jarallel. Step by step procedures for accomplish- 
ng this alignment varies between radar installa- 
ions. You should refer to applicable radar equip- 
nenfc documentation for information of this nature. 

Collimation of the tracking/acquisition RF 
ixes of a radar to its director (optical axis) 
s necessary to ( 1 ) ensure accurate definition of 
arget position by the director to the fire con- 
rol computer, and (2) to ensure adequate ilium- 
nation of the target by a continuous-wave illum- 
nating beam. The measurements that must be 
nade in order to determine if the radar is 
ollimated to the director require use of a 
shore tower (fig. 8-67). Other measurements and 
.linements requiring the shore tower are meas- 
irement of angle error sensitivity, measurement 
f the angular position of track transm’t axis 
dth respect to receive axis, and alinement 
f television cameras. 

Collimation requires the use of an antenna 
nd optical array which is mounted on the 
hore tower. Antenna/optical arrays are also 
lounted aboard ship to provide means of accom- 
lishing collimation when shore towers are not 
vailable. The procedures are basically the 
ame as those involving shore towers. Allowance, 
owever, does have to be made for the shorter 
istances that prevail aboard ship. 


RADAR COUNTERMEASURES 

A target can defeat a radar system in a 
variety of ways. Any countermeasure which gives 
false target information, such as chaff, can be 
effective since they tend to obscure exact target 
position and may overload the radar with false 
targets. In these instances, the most effective 
counter-countermeav ire Is a highly trained op¬ 
erator or an accurate discerning mechanism 
capable of distinguishing false targets from 
real ones. 

Jamming techniques are similarly effective 
because exact target position is lost in the jam¬ 
ming signal. Delay circuits, homing devices, 
and randomness of output are all effective methods 
of countering jamming techniques. Targets capa¬ 
ble of carrying even more complex equipment 
than that required for jamming may actually trans¬ 
mit false positional information that may be 
picked up and interpreted as energy reflections 
by the radar attempting to locate it. This method 
is particularly effective against radar systems 
relying on the Doppler frequency shift. Since 
this countermeasure involves not only recognizing 
a signal, but also computing and transmitting 
another signal, it cannot as yet be accomplished 
instantaneously. Therefore, coded or random 
pulse trains are effective counter-counter¬ 
measures at present. 
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Spoofing or electronically simulating targets 
is also employed to overload and fool radar 
systems. Again, coding or randomness of outputs 
can successfully defeat this form of counter¬ 
measure. 

It is essential that a radar be flexible enough 
to handle all of the countermeasures it can 
expect. It is also imperative that the radar 
recognize false targets in their initial stages. 
Once it begins tracking them, their purpose 
has been accomplished and if there are enough 
of them the radar will overload and break down. 
Splits and merges are conditions inherent to the 
multiple target problem and add to tracking 
difficulties. Splits occur when a contact detected 
by the radar as a single target splits into two 
more discernable targets. Merges occur when 
several targets come together so that they appear 
as one target to the radar. 

In this sense, breakdown does not mean that 
the radar actually ceases to function, but, rather, 
that it is no longer furnishing an appreciable 
portion of the target information needed. The 
ability to pick out and ignore false targets is 
therefore of prime importance in handling multiple 
target situations. 

There are many variations of counter¬ 
measures in existance and also numerous new 
possibilities; therefore, as can be seen from the 
previous discussion., enemy jamming can offer 


a radar operator a real challenge. You must not, 
however, feel that jamming is so intense and 
effective that nothing can be done about it. 

It has been found that quite often, when 
an inexperienced operator encounters jamming, 
even of a very slight amount, he becomes con¬ 
fused and frustrated because of his inability to 
handle the situation, and quite early in the 
game wants to “throw in the towel.” 

Remember that, during jamming, you are not 
expected to have all target information all of 
the time as when in normal operation, since 
with modern weapon systems a kill can be ob¬ 
tained even with only partial target informa¬ 
tion. 

Recognizing and identifying radar counter¬ 
measures is over half the battle. If you have 
succeeded in accomplishing this, you have elim¬ 
inated the elements of confusion and surprise 
which the enemy has tried to force on your 
You are then able to cope more efficiently with' 
the countermeasures being applied, and yotf 
should be able again to gain useful information 
from your fire control radar. 

A detailed discussion of Electronic Counter- 
Countermeasures (ECCM} and the anti-jamming 1 
circuits designed into fire control radars is nol 
feasible in this manual because of its security 
classification. You can obtain more informatiol 
on ECCM techniques and devices by studyit^ 
any one of the three supplements to this manual? 


i 
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CHAPTER 9 


PRINCIPLES OF SERVOS 


INTRODUCTION 


Servomechanisms, called servos for short, 
have countless applications in missile fire con¬ 
trol. Directors, radar antennas, computing de¬ 
vices, and missile launchers are positioned by 
Bervos. In chapter 2, we referred to the guided 
missile as a flying servomechanism. The opera¬ 
tion of modern fire control equipment is almost 
fully automatic, and largely dependent on data 
from remote sources. To obtain smooth, continu¬ 
es, and accurate operation, the information flow 
i§.normally best controlled by synchros. But the 
lower produced by transmission devices such as 
synchros is not large enough to do appreciable 
[mounts of work. Therefore, servo systems are 
[pcessary for the precise control required by our 
nissile fire control systems. In fact, the use 
if servos has increased tremendously as our 
ire control systems have become more and more 
lutomatic in their operation. A sound under- 
itanding of the principles of servomechanisms 
b a must for fire control technicians. 

JEFINITION OF A CONTROL SYSTEM 

A control system is a group of components, 
ystematically organized to perform an end 
motion. Generally, a control system has a 
irge power gain between input and output, 
he components utilized may be mechanical, 
lectrical, hydraulic, pneumatic or various com- 
inations of these. Systems will range from 
[mple motor control systems to very complex 
Jmputer-operated missile control systems. 

LASSES OF CONTROL SYSTEMS 

There are many types and classes of con- 
ol systems, but all of them fall into two 
isic categories: OPEN LOOP CONTROL SYS- 
EMS and CLOSED LOOP CONTROL SYSTEMS. 


Each can be mechanical, electrical, pneumatic 
or hydraulic. The closed loop control system in 
particular, being automatic in nature, is further 
classified by the function it serves (e.g., con¬ 
trolling the position, velocity or acceleration of 
the load being driven). 

BASIC OPERATING PRINCIPLE OF 
THE OPEN LOOP SYSTEM 

An open loop control system is controlled, 
directly and solely, by an input signal. A simple 
system of this type would be an amplifier and 
motor, in which the amplifier receives a low 
level input signal, which is amplified to drive the 
motor that performs some task. Note that the 
motor output, the shaft velocity, is not directly 
related to the input signal. Therefore the input 
signal to the amplifier remains the same re¬ 
gardless of the shaft velocity, even though the 
shaft velocity may vary under different load 
conditions. 

Open loop control systems generally re¬ 
quire a human operator who will vary the input 
signal to meet the end requirement. Manually 
operated machine tool drives and controls are 
examples. The human operator continually makes 
adjustments to speed and travel. 

Open loop control systems, generally re¬ 
quiring manual control, have been used in wide 
ranges of consumer, industrial, and military 
applications. However, the advent of automation 
is bringing about the widespread use of the 
closed loop control system. 

BASIC OPERATING PRINCIPLE OF 
A CLOSED LOOP SYSTEM (SERVO) 

The closed loop control system is more 
commonly called “servo” system. The word 
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“servo” is derived from the Latin “servus” 
meaning slave. 

A servo will follow a command, with no 
need for a human operator to continually ad¬ 
just the input to meet varying output conditions. 

To be classified as a servo, a control sys¬ 
tem must: 

1. Be capable of accepting an order which 
defines the desired result. 

2. Be capable of evaluating the present con¬ 
ditions. 

3. Be able to compare the desired result 
with the present conditions and obtain a dif¬ 
ference or an error signal. 

4. Be able to issue a correcting order, de¬ 
termined by the error signal, which will prop¬ 
erly change the existing conditions to the desired 
result. 

5. Have the means to obey the correcting 
order. 

The operation of a servo system is con¬ 
trolled by the “error signal.” The error signal 
is derived from the algebraic sum of the input 
or “command” signal and the response signal. 
Response is a measurement of the output of 
the servo, which may be position, acceleration, 
or velocity. The command signal and response 
signals must always be in opposition so that 
the algebraic sum will be zero when the load 
meets the command conditions. Thus, if the 
command is a positive direct current (d.c.) 
signal, the response must be a negative d.c. 
signal. If the command signal is alternating 
current (a.c.), the response must be 180 degrees 
out of phase. 

For example, if an input signal, at the point 
where the signals are summed, is measured as 
+10 volts and the response signal measured -5 
volts, the error signal would be +5 volts (the 
algebraic sum of +10 volts and -5 volts). Alter¬ 
nately, if the input was -10 volts and the feed¬ 
back was +5 volts, the error signal would be 
-5 volts. 

In both examples, the load (director, missile 
launcher, etc.) is going to be driven until the 
response signal is equal and opposite to the input 
signal. 

Response obviously is the key to the success¬ 
ful operation of a servo. The response signal is 
that which enables us to precisely control fire 
control equipments in response to orders or data 
from some remote station. Response, however, 


is not all that’s necessary for a true servo. In* 
fact, response satisfies only one of the five re-’* 
quirements of a servo. It provides the means * 
of evaluating present conditions and is only 
part of the complete servo loop. Let’s take s* 
closer look at a complete servo loop. We’ll* 
start with an analysis of the characteristics of* 
servomechanisms. 

I 


Servomechanism Characteristics 


< 


A SERVO IS A CONTROL DEVICE. The< 
basic job of the servo in figure 9-1 is to posi¬ 
tion a load. The load may be a director, a radar* 
antenna, a computing device, or a hydraulic* 
valve. The load is attached in some manner to 
the output of the servo. Consider a director?* 
Its position is controlled in accordance with* 
train and elevation orders which are inputs to* 
the servo. ^ 

A SERVO IS A POWER AMPLIFIER. Thd 




input to a servo is usually a very small signal!! 
It is too weak to move the load by itself, sd! 
some sort of power amplification must tak# 
place within the servo. Again take as an ex J 
ample a servo used to position a director. Td* 
develop enough power to move the great weigfifl 
of a director requires currents in the amperagH 
range. Therefore, most servos you will wort! 
with have one or more amplifying stages. The 
amplifier may be electrical, electronic, hy* 
draulic, or two or more of these in combination. 

A SERVO IS A CLOSED-LOOP SYSTEM. 
Look again at figure 9-1. You can see that th# 
response line runs from the output to the circU! 
marked error detector. This response is a 
communication channel which reports the speed! 
or position of the output back to the erroi 
detector. To see how response works, assume 
that the input is a mechanical signal telling the 
output to move to a certain position. The response 
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ilgnal reports the position of the output to 
he error detector. The error detector performs 
i .simple mathematical operation: it subtracts 
he output from the input to get the amount of 
Inference, or error. And the error, rather than 
he quantity market input, is the actual input to 
he amplifier. 

Note that when the response equals the input, 
ie error signal is zero. But whenever the 
esponse differs from the input, an error signal 
3 developed. The error signal drives the output 
1 such a manner as to reduce the error signal. 

Keep in mind that response can be trans¬ 
mitted electrically, hydraulically, or mechan- 
sally in a servo. 

A SERVO IS AN ENTIRE SYSTEM. It cannot 
msist of a single component. It must have the 
Jnimum number of components we have shown 
i the diagram of figure 9-1. There is no 
w against a servo having more sections than 
e ones we have shown. And they usually do. 
ut regardless of the number of parts in a servo, 
ey all work together as a system or team, 
ad. this system concept is important. A servo 
not an isolated motor or power amplifier, but 
ust be considered as an entire system of 
terconnected components. Together, these com- 
pents measure, transmit, compare, amplify, 
id control quantities. 

mctional Sections of a Servo 

, ; Figure 9-2 is a three-unit diagram of the 
Bmentary servo shown in figure 9-1. Each 
It has a label that describes its function. 
. Our new diagram differs from the first 
p in that the power amplifier has been divided 
50 two parts: an AMPLIFIER and an ERROR 


REDUCER. The amplifier increases the weak 
error signal, and it controls the error reducer. 
We have coined the term error reducer because 
the name closely describes the function of this 
servo section, which is to drive the output of 
the servo until it is equal to the input, thus 
reducing the error nearly to zero. Keep in mind 
that there can never be zero error. The error 
reducer must receive an error signal before it 
can control the output. However, the error signal 
should be kept as small as possible. 

In the servo in figure 9-2 the input, output, 
and response devices are mechanical shafting; 
the error detector is an electromechanical de¬ 
vice; the amplifier is electronic; and the error 
reducer is an electromechanical unit. 

Earlier, we described a servo as any device 
that uses the response to cancel the input signal. 
It can also be defined as a mechanism whose 
output tries to reproduce its input. Let’s look at 
how the servo diagramed in figure 9-2 works, 
based on this point of view. Assume that the input 
and the output shafts are at the same position. 
There is no error between them, and so there 
will be no error signal to the amplifier. There¬ 
fore, the error reducer will not receive a cor¬ 
recting signal and the servo will not move. But 
if the input shaft is suddenly turned to a new 
position, there will be an instantaneous angular 
difference between the positions of the input and 
output shafts. Where is this difference detected 
and measured?The answer is, of course, at the 
error detector. The input and response shafts 
are both inputs to the error detecting device, 
which, as we said before, is electromechanical. 
Since the response shaft is geared to the output 
shaft, the response duplicates any position and 
motion of the output. In other words, knowledge 



Figure 9-2. — Diagram of an elementary servo. 
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of what the output shaft is doing is fed back 
over the response line to the error detector. 
Here, the positions of the input shaft and output 
shaft are compared. The error detector meas¬ 
ures any difference between them, and then it 
does something more. It changes mechanical 
position error into an electrical error signal. 
The electrical error output of the error detector 
is directly proportional to the angular differ¬ 
ence between the input and output shafts. 

The electrical error signal is relatively 
weak. So, it must be amplified. After it is 
amplified, it is sent to the error reducer. Here, 
the error signal is changed from its electrical 
form to a proportional mechanical signal. Now 
the error reducer drives the output shaft in a 
direction which reduces the error between the 
output and input shafts. As the output shaft 
turns, so does the response line, but it turns in 
a direction that reduces the difference between 
the input and response signals. When the output 
and input shafts are in agreement, the output of 
the error detector is zero. The amplifier “sees” 
no signal at its input, and the servo stops. 

Now, if we turn the input shaft at a constant 
velocity, the output shaft should turn to the same 
position as the input shaft, and follow it at the 
same speed and in the same direction. If the 
input shaft were to speed up, then reverse its 
direction, the output shaft should faithfully re¬ 
produce these mechanical gymnastics; and all 
the while the two shafts should remain closely 
aligned. If at any time they do not, then the 
error detector will produce an error signal. 
This signal is amplified and sent to the error 
reducer. It then drives the output shaft until the 
error between the input and output is as nearly 
zero as possible. When this condition exists, 
the servo is said to be “nulled.” Other terms 
that describe zero or nearly zero error are: 
synchronized, in synchronism, and in corre¬ 
spondence. 

In the preceding pages of this chapter we 
have given you a general idea of the functional 
sections of a servo and what they do. You learned 
that the input is the controlling quantity. We 
described it as the displacement of a shaft. 
In practical servos or power drives the input is 
generally an electrical quantity which represents 
a shaft position. The servo error is the differ¬ 
ence between the input and output of the servo. 
The error detector is the device which compares 
the input with the servo output. The error re¬ 
ducer is essentially the prime mover of the 
servo. It is controlled by the amplifier section, 
which simply increases the strength of the error 


signal so that it can move the error reducer. 
We mentioned the load earlier. While the load, 
strictly speaking, is not a component of the 
servo, load characteristics (size, weight, etc.) 
have an important bearing on the design and 
operation of the servo. 

Signal Types 

A servo’s output is an accurate duplication, 
with an increase in power, of the input order 
signal. The order signal represents the desired 
action and therefore determines the servo’s 
response. The order can be a position, a veloc¬ 
ity, or an acceleration signal. Let’s consider 
the three types of order signals. Position is a 
relative quantity which indicates a place or 
point in a scale of measure or reference frame. 
Hence position is a scalar quantity and it has no 
further meaning. Movement from a position 
results in a displacement. Displacement is a 
vector quantity having both magnitude and direc¬ 
tion. If we time a displacement we can obtain 
a velocity. Velocity is a timed displacement; 
that is, the rate of change of position. Velocity 
then is a vector quantity being derived from 
displacement, also a vector quantity. (Incidentally, 
speed is a scalar quantity having only magni¬ 
tude.) A change in velocity is an acceleration. 
Hence acceleration is a vector quantity. Strictly 
speaking, an acceleration is a change in velocity 
and therefore can be either an increase oi 
decrease in speed or a change in the directior 
of motion. 

Scalar quantities can be combined by simple 
arithmetic. Vector quantities, however, are more 
difficult to combine. Since both direction aw 
magnitude are involved, vector addition ii 
required. It is the job of the error detector ii 
a servo to combine the input and response signali 
whether they are vector or scalar quantities 
Vector quantities can be combined by * simpli 
arithmetic if their directions are along a com¬ 
mon axis. In servos the output is a duplicatioi 
of the input and therefore their directions mus 
be common. 

Order signals often must be converted fron 
one type to another. For example, the fin 
control radar will measure the displacement o 
a target from the line of sight. From this dis 
placement a velocity is derived to change th 
rate of motion of the director. On the other han 
we may have a computed rate of motion an 
require the displacement which will occur durin 
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a given time. We can change the signal because 
displacement, velocity, and acceleration are func¬ 
tions of each other and each is a derivative of 
the other. A derivative is a quantity which is 
obtained from another. If we know that a dis¬ 
placement occurred in a measured interval of 
time we can derive the rate of motion. And it 
follows that if we know the rate of motion we can 
derive the displacement which will occur during 
an interval of time. These signals are obtained 
in servos by integration. We will not go into 
integration here since it can be reasoned that 
if one of the quantities and time is known, 
the other quantities can be derived. 

CONTROL SYSTEM 
TERMINOLOGY AND SYMBOLS 


Fundamental to understanding control system 
in any depth is a familiarity with terminology, 
definitions, and symbols used to describe a sys¬ 
tem and its characteristics. The subject is often 
misunderstood or thought of as complex because 
the representative terms are not understood. 

Control systems simply combine known prin¬ 
ciples, and some way of describing their charac¬ 
teristics is essential, resulting in the new 
terminology. The symbols are simple “short¬ 
hand,” or a way of abbreviating the terminology. 

Due to the rapid advancement of control 
systems in recent years, a completely common 
language has not yet evolved. This has, in 
part, led to the belief that the subject is complex. 
Remember that the principles never change; 
only the techniques and methods of description 
change. If the underlying principles are under¬ 
stood, then the control systems will be under¬ 
stood. 


Terminology, definitions, and symbols will 
be explained throughout this material, where 
appropriate. 

SCHEMATIC AND BLOCK DIAGRAMS 

Examination of an actual physical control 
system does not explain the functional opera¬ 
tion or show all of the physical details. This 
type of information is, however, shown on one 
of two distinct types of drawings which are (1) 
the schematic and (2) the block diagram. 

A schematic diagram illustrates a system 
by showing physical connections between com¬ 
ponent symbols. A schematic does not show flow 
of information, the function of a circuit or the 
function of individual components. Schematic 
diagrams are used in the assembly, installation, 
maintenance and troubleshooting of electronic 
circuits. “One-function” prints, each covering 
the components and connections for only a single 
quantity (such as missile orders, director train, 
range, etc.) of a system, have been developed 
to simplify troubleshooting of highly complex fire 
control systems. 

A block diagram, on the other hand shows 
(1) the elements of functional interest and (2) 
the flow of information but disregards the phy¬ 
sical aspects shown in a schematic. 

The two types of motor (fig. 9-3) differ 
physically but perform the same end function. 
Therefore, the block diagram can represent either 
motor since it is concerned with functional 
elements of interest. The arrowed lines de¬ 
note the direction of information flow and should 
be labeled to indicate the element of interest. 

The output element or interest could be shaft 
position or velocity, depending on its functional 
application. If the output of interest were velocity, 
the block diagram output would be so labeled and 
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Figure 9-3. — Block diagram and schematic symbols of motors. 
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the input element of interest would be labeled as 
voltage, since a motor’s velocity depends on volt¬ 
age. Alternatively, if the output of interest were 
position, which is a component of torque, the 
output would be labeled position and the input 
labeled current, since a motor’s torque de¬ 
pends on the amount of current present. 

The block diagram can be used to repre¬ 
sent any component or group of components. 
For example, a single block can represent a 
complete amplifier, with the input and output 
elements of interest labeled. A block can rep¬ 
resent a hydraulic piston, in which case the 
input element of interest might be fluid pres¬ 
sure and the output element of interest output 
force displacement. The arrows point the di¬ 
rection of information flow, regardless of actual 
direction of current or fluid motion. 

It should also be appreciated that the element 
of interest is not the only element going in or 
out of the block. If current is present there 
must be a voltage causing the current, but only 
the element of interest is labeled. 

When various component blocks are connected 
to form a system the output of one becomes the 
input to the next. Figure 9-4, in block diagram 
form, shows an open loop control system. 

The block diagram of figure 9-5 shows five im¬ 
portant control engineering symbols and has a new 
block added entitled “response transducer.” The 
term transducer is generally defined as a device 
that converts one form of energy to another. In 
the control system context it represents the com¬ 
ponents that measure the controlled element of 
interest. Its input is converted to a compatible 
signal and is fed back to a point where it is 
summed with the input signal to generate the sys¬ 
tem error signal. It is the accepted term for 
the response components in block diagrams since 
the block diagram shows only signal information 
and functional elements of interest. The specific 
response components will vary with the type of 
systems which are specified only in the schematic 
diagram. 


SYMBOLS AND DEFINITIONS 

The control engineering symbols are: 

1. The Greek letter sigma, meaning sum¬ 
mation, surrounded by a circle. This is the sum¬ 
mation, or “sum point,” where the reference 
and response signals are summed to derive 
the error signal that controls any servo. 

2. The letter R stands for the “sum point 
input reference signal”. The reference signal 
may directly be the input signal but in some 
instances, as will be subsequently shown, the 
input signal may be changed before reaching 
the sum point to make it compatible with the 
feedback signal. 

3. The letter B is the symbol for the re¬ 
sponse signal; the sub p with this symbol identi¬ 
fies signal content as being position related. 

4. The letter C is the symbol for “out¬ 
put variable” and the sub p indicates that the 
variable of interest is position. 

5. The letter E is the symbol for the “error- 
signal”. 

The symbols can be enlarged with additional 
sub letters to give further information as in the 
case of R, Bp and E, to show they are either 
voltage or current. 

SYSTEM TYPE IDENTIFICATION 

A servosystem, by convention, is identified , 
by its ‘ prime mover” which is a control system 
term for the component that does the actual 
work. For example, electrical motors and hy¬ 
draulic and pneumatic pistons are prime movers. 
A servosystem that employs a d.c. or an a.c. 
motor is called a d.c. or an a.c. servo. 

One employing a pneumatic or hydraulic 
piston is called a pneumatic or hydraulic servo. 
With the advent of combination . systems such 
as a d.c. motor being controlled by a. c. com¬ 
ponents and signals or a hydraulic system con¬ 
trolled by d.c. components and signals, the 
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Figure 9-4.— Block diagram of open loop control systems. 
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Figure 9-5. — Block diagram of position servosystems. 
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conventional identification is often confusing. 
Understanding will result if both the prime mover 
and method of control are identified whenever 
they differ. The case cited above of a d.c. motor 
being controlled by a.c. components and signals 
should be described as an a.c. control d.c. motor 
servo system in lieu of describing it as a d.c. 
servo system. 

All types and classes of servos employ 
the same basic servo theory and have similar 
dynamic operating characteristics. The a.c. 
servo, so called because it employs a.c. com¬ 
ponents and signal information, was the first 
widely applied servo. It came into wide use in 
military applications during the latter part of 
World War n. No one type of servo can meet 
ill requirements so other types of systems and 
components were developed, leading to d.c., 
hydraulic, and pneumatic servo systems. 


TYPES OF POWER SYSTEMS 


The input signal to a servo is weak, and a 
large boost in power is needed before the servo 
can do its job. The type of power used in a 
servo is determined by its job. Electric servo- 
systems are used with light loads. But if the 
load is large and variable, the servo must have 
an amplifier to increase the signal power sup¬ 
plied the error reducer. Most servos in fire 
control equipment are electromechanical; the 
amplifier is electronic, and an electric motor 
is used as an error reducer. There are, how¬ 
ever, a few electrohydraulic servos in fire con¬ 
trol. In the hydraulic servos the input signal 
is amplified in an electronic amplifier. The 
amplified signal controls an electric device 
which in turn controls the hydraulic power 
system. 


Electric servos account for the majority of 
application; however, all types are in wide¬ 
spread use. 

A.c. servo components operate on more com- 
)lex electromagnetic principles and are con- 
rolled by a.c. modulated signals that tend to 
rtwcure the real servo principles. The d.c. servo 
n certain respects is comparable with hydraulic 
ind pneumatic servos which often employ d.c. 
sontrol techniques and components. It makes a 
pod example system for a student of basic 
servo theory because all of its signals, including 
he all-important error signal generation, are 
town around zero frequency. When dealing with 
Lc. or near zero frequencies, signals can be easily 
ibserved and measured with uncomplicated in¬ 
strumentation. 


Each type of power has advantages. The 
electric servo is the simplest. An electronic 
amplifier is flexible, and can adapt the servo to 
the load. Thus the electronic system provides 
positive control at variable speeds. Hydraulic 
systems cannot be backed down by the load. 
Thus they are used with heavy loads subject to 
sudden and drastic changes. Radar antennas 
which have a large area exposed to the effects 
of wind force are examples of this type of load. 

ELECTRIC SERVO 


In an electric servo, a bearing-mounted 
synchro operates a set of contacts which control 
the supply voltage to a servomotor. The motor 
will drive whenever the synchro closes the con¬ 
tacts. Response from the motor will drive the 
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synchro in the opposite direction from the syn¬ 
chro’s signal, and open the contacts. Thus the 
servo operates until the synchro signal is reduced 
to zero. Figure 9-6 shows a bearing-mounted 
synchro and figure 9-7 shows the electrical 
arrangement of the servo. The servomotor is a 
115-V a.c. motor with split phase operation. The 
capacitor in the circuit shifts the phase of the 
voltage to one of the motor’s windings. The con¬ 
tacts determine which winding will receive the 
shifted voltage and hence which way the motor 
will drive. One side of the line voltage is 
connected to the common point between the stator 
windings of the motor. The other side of the 
supply is connected to the center contact which 
is connected to the rotor of the synchro. A signal 
to the synchro will cause the center contact to 
rotate and to complete the circuit to either the 
left- or right-hand outer contact. Note that 
either of the outer contacts will complete the 
circuit to the motor, but by separate paths. 
The capacitor will be in series with one of the 
motor’s windings. Which winding is determined 
by the contacts, hence by the synchro signal. 
The capacitor will shift the phase relationship 
of the voltage applied to the other windings. The 
motor will drive until response opens the con¬ 
tacts. 

The advantage of electric servos is their 
simplicity. Their disadvantages are the lack of 
speed control and their limited current-carrying 


SYNCHRO 



VOLTAGE 
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Figure 9-7.—Electrical servo. 

capacity. The servo is either synchronized or 
driving, and thus is strictly a position control. 
The low torque of the synchro limits the size of 
the contacts and hence their current-carrying 
capacity. This, in turn, limits this type of servo 
to light loads. 


STATOR WORM GEAR 



ELECTROMECHANICAL SERVO 

The servosystem represented in figure 9-8 
is an example of an electromechanical servo. 
This particular servo employs a synchro trans¬ 
mission system for the transmission of radar 
range information from a fire control radar 
range unit to a computer range servo. A study 
of synchro data transmission will be examined 
in chapter 11. 

Assume that the fire control radar has 
measured target range at 10,000 yards. The CXin 
the radar (fig. 9-8), will transmit range to the 
CT in the computer. Assume that the range servo 
in the computer is at 9,000 yards. Hence the CT, 
the error detector, will not be at its null position. 
The error signal from the CT will be pro¬ 
portional to the 1,000 yards displacement be¬ 
tween the ordered position and the actual position 
of range in the computer. The servo will drive 
until response positions the rotor of the CT 
at its null position, which represent 10,000 
yards range. 


12.171 

Figure 9-6. — Bearing mounted synchro receiver. 
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Figure 9-8. — Position servo. 
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The electromechanical servo just presented 
is only an example of an electromechanical servo. 
Other devices such as potentiometers, gyros, 
and resolvers can cause a servo to be classi¬ 
fied as electromechanical. In chapter 6, you 
studied servo application of resolvers when you 
were learning how resolvers are used for com¬ 
position. Our forthcoming example of a position 
servo utilizes two potentiometers. Gyros and 
their role in servosystems will become apparent 
in the next chapter. 

To this point we have not said much con¬ 
cerning servoamplifiers. Obviously the primary 
function of the amplifier is to increase the 
strength of the error signal. But an amplifier 
has many features which can be used to improve 
the servo’s operation. Many types of amplifiers 
are used in servos. Therefore, it is not prac¬ 
tical to discuss individual amplifiers at this 
time. We will discuss some of the advantages of 
laving an amplifier in a servo. 

An amplifier can increase the signal power 
o a practical level. The amplifier may be made 
Jenstitive to signals with a certain frequency, 
implitude, type of voltage, and phase or polarity, 
fhe amplifier isolates the signal source from 


the load. The error signal feeds into the fairly 
constant impedance of the amplifier’s input cir¬ 
cuit, and not into the variable impedance of 
the load. At the same time, however, the ampli¬ 
fier’s gain can be varied by feedback signals to 
automatically adjust the amplifier’s output to 
compensate for the condition of the load. 

The theory of operation of electromechanical 
servos is identical to that of all closed-loop 
servos. Response from the output is fed back to 
the input to null the error signal. The amplifier 
has a large power source which is controlled by 
the low-powered error signal. The amplifier 
can detect the direction in which the load must 
be moved by the phase or polarity of the error 
signal. The amplitude of the error signal de¬ 
termines the amount or the velocity of the 
servo’s output. 

ELECTROHYDRAULIC SERVO 


Hydraulic components used in servomecha¬ 
nisms are frequently found in weapons systems. 
Hydraulic power devices, such as motors and as¬ 
sociated control valves,have an advantage of a 
response much faster than the best electric mo¬ 
tors and equal to that of a magnetic clutch system. 
They also require a minimum of maintenance, 
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have very high accuracy, and are well adapted 
to heavy loads. 

The essential components of a hydraulic 
system are: 

1. Source of high pressure oil and sump to 
receive discharge oil. 

2. Control valve and means of employing an 
actuating signal. 

3. Actuator (motor or cylinder). 

Hydraulic Transmission Assembly 


(B-ends). The variable displacement pump is 
driven at a constant speed by an electric motor. 
The fluid flow from the A-end pump to the B-end 
motors is governed in volume and direction by 
the position of the A-end yoke which responds 
to the train error signal from the train servo- 
amplifier. The B-end motors are connected 
through drive-left and drive-right train gear¬ 
boxes to the train bull gear. 

The A-end is driven by the electric motor 
to provide the varying nonpulsating flow of 
hydraulic fluid which is required by the system 
to control the position of the load (radar antenna 
or director). This flow of hydraulic fluid under 
pressure is used to actuate the two B-ends. 


The hydraulic transmission assembly (fig. 9-9) 
consists of a variable displacement pump (A-end) 
and controls, and two fixed displacement motors 



167.779 

Figure 9-9. — Simplified hydraulic transmission 
system. 


The B-end motors are employed in the hy¬ 
draulic transmission to convert hydraulic energy 
to mechanical energy. The drive shafts of the 
B-ends are connected to a gearbox containing 
gears that mesh with the director’s gearing (bull 
gear). 

The two B-end motors, connected hydrau¬ 
lically in series, are used to drive the train mem¬ 
ber. High-pressure fluid is applied to only one of 
the B-ends at a time, depending upon which direc¬ 
tion the train member is to rotate. The other B-end 
is then driven by the train bull gear, and functions 
effectively as a low-pressure pump. A hydraulic 
pressure is maintained on each B-end inlet by 
the replenishing pump. This keeps the motors 
tending to rotate in opposite directions and thereby 
prevents backlash in the gear train. The 
replenishing pump also replaces fluid which is 
lost in the high-pressure circuit by leakage 
and thus prevents cavitation. 

The operation of a hydraulic motor can be 
considered as exactly opposite to the operationof 
a hydraulic pump. A pump is driven by mechanical 
means and produces flow. The motor is drivenfcy 
fluid flow, the energy of which is transformed in 
rotary mechanical motion. 


Servo Control Loop 


The control of the hydraulic transmission as* 
sembly is provided by a closed servo loop, 
figure 9-10, which consists of the train servo- 
amplifier, torque motor, control pilot valve, 
power piston, A-end yoke, and yoke synchro¬ 
transmitter, BOl. The train servoamplifler 
supplies a directional drive signal to the torque 
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Figure 9-10. —Train servo control loop, block diagram. 
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motor which in turn controls the operation of 
the control pilot valve. The control pilot valve 
then operates the power piston which is con¬ 
nected to the swivel yoke in the A-end. Since 
the angle of the yoke determines the direction 
and velocity of train rotation, synchro transmitter 
BOl, connected to the yoke, provides a yoke 
position (train velocity) feedback signal to the 
amplifier through demodulator Z02 in the train 
servoamplifier, thus completing the control servo 
loop. 

When the train member is to be rotated, 
either a drive-left or a drive-right signal from 
train servoamplifier is applied to the control 
windings in the torque motor, figure 9-11. This 
error signal introduces an unbalance between the 
currents in the two windings. These currents 
create an unbalance in the magnetic forces in 
the windings which is proportional to the error 
signal. These forces position the armature ac¬ 
cordingly. The armature, mechanically linked to 
the control pilot valve, moves in the direction 
required to produce an acceleration in train 
intil the yoke reaches the required position. 
When this point is reached, the feedback signal 
ipplied to train servoamplifier from yoke synchro 
BOl nulls the drive signal to the torque motor, 
rhe armature of the torque motor is pivoted 
>n torsional springs which tend to return it to 
ts neutral position when the unbalancing currents 
ire removed from the solenoid windings. A pin 
s attached at the extremity of the armature. This 
>in enables the yoke power limiter feedback fork 
n the power mechanism to impart motion to the 
irmature of the torque motor. 

The control pilot valve determines whether 
he large area of the power piston receives 
x>ntrol pressure or sump pressure. In its neutral 


position, this control pilot valve blocks off both 
these supplies to the large area of the power 
piston. 


The power piston is connected directly to 
the A-end yoke through a pin and link. Any move¬ 
ment of the power piston from its neutral position 
swivels the yoke and thus initiates pumping action 
by the A-end pump. The power piston operates 
on a differential pressure principle. The control- 
pressure fluid acts against the lower side of the 
piston on an area which is half that of the upper 
side. When the upper side also receives the 
control-pressure fluid, an unbalanced force 
results and the piston is driven downward. When 
the upper side is connected to the sump, the piston 
moves upward. When the control pilot valve is 
at its neutral position, the fluid, in the large 
area side of the power piston and in the connecting 
line to the control pilot valve, remains at the 
pressure established before the valve assumed 
its neutral position. Thus, the power piston 
is maintained at a fixed position. In addition, 
the amount of fluid the control pilot valve allows 
to enter the power piston determines the distance 
that the piston is displaced. 


A synchro transmitter, geared to the yoke, 
is employed in the hydraulic transmission as¬ 
sembly, to complete the control servo loop. This 
synchro transmits a signal proportional to the 
yoke position to the train servoamplifier. At¬ 
tached to the shaft of the synchro is a split 
spring-loaded sector gear which meshes with a 
sector gear pinned to the end of the yoke. 
Rotation of the yoke imparts motion to the synchro 
rotor, registering the yoke position. When the 
torque motor windings are unbalanced by an 
error signal, the control pilot valve is moved 
off neutral by the torque motor. This movement 
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Figure 9-11. —Train servo control loop, mechanical diagram. 
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causes fluid to flow into the power piston which 
in turn causes the power piston, and therefore 
the yoke, to attain a velocity proportional to the 
flow of fluid. When the yoke reaches an angular 
position equivalent to the original torque motor 
error signal, the control pilot valve is returned 


to its neutral position. This repositioning action 
occurs because the synchro positional feedback 
signal is equal to 180-degrees out of phase 
with the original error signal and thus cancels the 
error signal. As the train member is positioned 
according to the original error signal, the error 
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ts reduced to zero. The signal from the yoke 
synchro then becomes larger than the position 
error signal, causing the control pilot valve and 
power piston to return the yoke toward its neutral 
position. 

The sump pressure, previously mentioned, 
is produced by a replenishing pump which main¬ 
tains the closed circuit of the hydraulic trans¬ 
mission lines at a specified pressure to 
compensate for the internal leakage of both 
the A-end and the B-ends and to prevent backlash. 


POSITION SERVO OPERATION 

The position servo is one whose end function 
is to control the position of the load it is driving. 
It can be used to position an infinite number 
of devices (i.e., valves, control surfaces, plat¬ 
forms, etc.) The input signal can be a manual 
input (i.e., in many remote control applica¬ 
tions) or from a programmed tape, computer or 
other source. 

The input signal to a servo is outside the 
servo loop, and so is not really a part of the 
closed loop servosystem. The input signal is 
essential to the servo’s operation and must be 
made compatible with the servo’s method of 
mechanization. In this example, a potentiometer 
will be used to generate the input signal and 
will be shown in both the system block dia¬ 
gram and schematic representations. 

Figure 9-12 is a block diagram model of a 
d-c position servo. A new block has been added 


with the letter “A,” the symbol for the “ref¬ 
erence signal transducer.’’ The input is “V,’’ 
the symbol for input signal variable and its out¬ 
put symbol is R (the sum point input reference 
signal to the servo). As stated above, a com¬ 
mand potentiometer is employed to generate 
the input signal, the input signal variable (V) 
is the shaft angle or position of the wiper arm. 
The amplifier, motor and gearing blocks are 
designated Gi , G2, G3. The letter G is the 
symbol for the gain blocks which are numbered 
in the example because there are more than one. 
The response transducer block is designated H, 
the symbol for feedback blocks, Cp and Bp rep¬ 
resent the output variable and response signal, 
with the sub p again meaning position related. 
E, of course, represents the error signal and 
sigma, the sum point. 

Note that only Gj (the amplifier) has power 
gain, or a higher energy output than the “E” 
input. The G2 block (motor) changes electrical 
energy to shaft velocity or torque and has an 
energy loss. The G3 block (gearing) is a mechan¬ 
ical transformer, and also has an energy loss 
due to friction. 

The system can, therefore, be broken down 
into three distinct sections. They are (1) the amp¬ 
lifier or power gain section, (2) the combined 
motor and gearing, called the actuator, and (3) 
the combination of input reference transducers, 
sum point and feedback transducers, called the 
error signal generation section. 

Assume that G2 is a 12 volt permanent magnet 
d.c. motor. The direction of rotation is determined 
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Figure 9-12. — Block diagram of position servo. 
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Figure 9-13.— Position servo showing “A” and 
“H” blocks in schematic form. 


by the polarity of the applied voltage. The polarity 
in one instance will cause clockwise shaft rotation 
and, when reversed, will cause counter-clockwise 
shaft rotation. 

Figure 9-13 is a hybrid illustration, showing 
the gain elements as block diagrams and the error 
section in schematic form to help explain the 
system’s operation. Certain points in the schem¬ 
atic portion are numbered and the signal common 
and the sum point identified only for explanation 
reference points. The schematic shows two 45- 
volt batteries as the reference power supply. 
P c is a manual command potentiometer whose 
knob would position the wiper arm, and R C p is 
a one megohm summing resistor. These two 
components are the input variable signal trans¬ 
ducers which are represented by the “A” block 
in the preceding diagram. Pf is another poten¬ 
tiometer whose wiper arm is mechanically con¬ 
nected to the gearing shaft output (denoted by 
the dotted line) and Rfp another one megohm 
resistor. These two components are the response 
signal transducers which are represented by 
the “H” block in the preceding diagram. 

Now assume the “G” blocks are properly 
mechanized for operation and the system is still 
motionless. Why? As movement or positioning 
depends upon an error signal having a value 
other than zero. If the error signal is zero, 


the system is in a steady state of equilibrium, 
or null position. With the wiper arms of P c and 
Pf at the mid point of travel, a voltage meas¬ 
urement from signal common to point 5 or 6 
would be zero. Therefore, zero volts would also 
be measured at the sum point which means 
the value of (E) is zero. With no input signal 
the amplifier output is zero. With no amplifier 
output the motor is standing still. 

Assume for a moment, that the line between 
Gf and G 2 is open, so the motor will not operate 
in any event. Now, imagine the P c wiper arm is 
manually moved upward to a new position where 
a voltage measurement from a signal common to 
point (5) would measure +10 volts. Further meas¬ 
urements would show zero volts between signal 
common and point (6), but +5 volts between sig¬ 
nal common and the sum point. This +5 volts Is 
“E” the error signal and it would be amplified 
and drive the motor clockwise if the — G 2 line 
were closed. Before closing the G line, first 
examine how the error voltage was developed. 
The +10 volts, measured at point (5) was achieved 
because the P c wiper arm was moved up 10 
volts from signal common. Moving over to the 
sum point, 5 volts is measured; and at point (6), 
zero volts. The drop in voltage is due to the IR 
drop across the summing resistors R C p and 
Rfp • 

Applying Ohm’s law, solve for the IR voltage 
drop across Rep. 

1. First, the current in the circuit must 
be determined. Trace the current path from point 
2 across to point 8, up Pf to the wiper arm 
point 6, across Rfp to the sum point, across the 
R C p to the P c wiper arm point 5, up P c to 
the positive side of the line at point 3. Neglecting 
the resistance of P c and Pf, which are very 
small compared to the summing resistors, the cir¬ 
cuit resistance is 2 megohms. 

Therefore: 

I = E/R or 10 volts/2 megohms 

1 = 5 microamperes 


2. Now that the circuit current is known, 
the voltage drop across R C p can be determined: 

E = I times R or 5 microamperes x 1 megohm 

E = 5 volts drop across R C p 
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3. The drop across Rep and Rfp is: 

E = I times R or 5 microamperesx 2 meghoms 

E = 10 volts drop across R C p and Rfp 

Assuming the Gf —G2 line is now closed, 
the instantaneous error signal input of +5 volts 
into Gi is amplified, and the amplified output 
starts driving the motor and gearing. The output 
shaft will drive the load toward its new position. 

Cancellation of an error signal by increasing 
the current flow through R cp and Rf p is easily 
understood if you think of me circuit being in 
a “null” condition (no error signal) when the 
sum point is 45 volts positive in respect to 
points 2 (4 and 8). This is actually the situation 
shown, and if you measured from points 2 (4 
and 8) to either the signal common or sum point 
you would read 45 volts positive. 

When the output shaft turns, the Pf wiper arm 
is turned by the mechanical coupling. As soon as 
the wiper arm is turned, the voltage it picks 
off begins decreasing. Thus, if the reference 
voltage (signal common) is considered as being 
45 volts positive in respect to point 2, the Pf 
wiper (point 6) is moved in a negative direction, 
or toward point 8, and measures 40 volts posi¬ 
tive in respect to point 2 (4 and 8). The response 
signal (Bp) is therefore negative with respect to 
the input signal (R). The proper polarity relation 
can be determined analytically if component data 
is available, or by observing that the coupling 
drives the wiper arm of Pf in the direction op¬ 
posite the movement of the P c wiper arm. 

With the voltage decreasing at the Pf wiper 
arm (point 6), the +5 volts error signal de¬ 
creases in value. To see this more clearly, 
suppose the voltage from signal common to point 
(6) is being measured. The voltage being meas¬ 
ured is going negative. The input signal variable 
(P c wiper arm position) is not changing, so 
when the Pf wiper is at +40 volts (in respect 
to point 8) the error signal is reduced as 
follows: 

1. The voltage difference between point (5) 
and (6) is now 15 volts, so the current through 
R cp and R^ is: 

I = E/R or 15 volts/2 megohms 
Therefore: 

I = 7.5 microamperes 


2. The IR voltage drop across R cp is 

E = I times R or 7.5 microamperes x 1 megohm 

E = 7.5 volts drop across R cp so the voltage 
at the sum point (error signal) is now 
2.5 volts. 

When the Pf voltage reaches -10 volts, the 
error signal voltage will have been reduced to 
zero and the system then stops at its new posi¬ 
tion. This new position is the null position, which 
is descriptive of a servo being in a state of 
equilibrium, regardless of its position. 

Error signal generation is the basic foundation 
of any servosystem. 

VELOCITY SERVO OPERATION 

The velocity servo, while based on the same 
principle of error signal generation, differs from 
the position servo in operation in a number of 
ways. Two of the major differences are: 

1. The output variable element of interest 
is velocity instead of position. 

2. In operation and null, an error signal 
is always present. 

The velocity servo is used in applications 
where the controlled output variable drives a 
load device at a constant speed, which is estab¬ 
lished by the level of the error signal present. 
The types of load it might drive include radar 
antennas, shafts, star tracking telescopes, ma¬ 
chine cutting tools or any device requiring vari¬ 
able speed regulation. 

Figure 9-14 is a block diagram of a velocity 
servo. Although similar to the position servo, 
the shaft output is noted sub v, indicating that 
velocity is the element of interest. Also, the re¬ 
sponse signal B is noted sub v, indicating it is 
a velocity related signal. 

In the hybrid illustration of figure 9-15, 
the gain blocks are shown in block diagram 
form and the error signal generating section 
is shown schematically. The power supply and 
reference points are shown for explanation pur¬ 
poses. The velocity servo employs the same 
reference transducers. P c command potentio¬ 
meter and R _ summing resistor as were used 
in the position*servo. The response transducers 
however, are changed to a tachometer (d.c. 
generator) and a 3 megohm summing resistor, 
Rf v . The tachometer shaft is mechanically cou¬ 
pled to the G2 (motor) output. The tachometer 
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Figure 9-14.— Block diagram of velocity servo. 


167.133 


generates a voltage proportional to speed, in 
this case, the transfer function is 1 volt/200 RPM. 
The polarity depends on the direction of shaft 
rotation. 

The “G” blocks are assumed properly mech¬ 
anized and the motor is again a 12-volt d.c. 
permanent magnet motor. The combined transfer 
function of the G, and Go blocks will be assumed 
to be 1000 RPM (C v )/volt (E). The system is 
not operating because no input signal is present 
since the P c wiper arm is at zero volts (signal 
common to point 5) and the tachometer is not 
turning, so no error signal is present. 

Now imagine, while measuring the voltage from 
signal common to point (5), that the P c wiper 


arm is manually moved downward until the voltage 
measurement is -10 volts. The error signal, in¬ 
stantaneously, becomes -7.5 volts. Why? The 
tachometer output was at zero, so the current 
(neglecting P c and the internal tachometer resis¬ 
tance) through the summing circuit is 2.5 micro¬ 
amperes (I = 10/4 megohms). Therefore the drop 
across R is 2.5 volts (E = 2.5 microamperes x 
1 megohm). The voltage at the sum point must 
then be -7.5 volts (measured from signal common 
across Rf v and d-c tachometer) and is the 
error signal (E). 

With a -7.5 volt error signal as the input 
to Gj, the motor begins to turn counterclockwise. 



167.136 

Figure 9-15. — Velocity servo with “A’* and “H” blocks in schematic form. 
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The transfer function between (C v ) and (E) 
was stated as 1000 RPM/volt, which means the 
motor will accelerate to 7500 RPM if (E) main¬ 
tains this level. However, the motor is coupled 
to the tachometer, so as soon as the motor starts 
turning, the tachometer begins to develop a voltage 
of the sign opposite the input. (The tachometer 
polarity was determined by the way the tachometer 
leads are connected in the error signal gener¬ 
ation section). 

When the motor velocity and tachometer 
reaches 3000 RPM, what is the error signal? 
It was stated before that tachometer develops 
1 volt per 200 RPM, so the tach output at 
3000 RPM is +15 volts. The P c voltage is -10 
volts. The comparator circuit current, again 
neglecting the relatively low P c and tachometer 
resistance, is 6.25 microamperes and the IR 
drop across R C p is 6.25 volts. The voltage at 
the sum point, which is the error signal (E), 
is now -3.75 volts. The motor is still increasing 
in speed but now towards a new target of 3750 
RPM. 

When the motor speed reaches 3333 RPM the 
tach output is +16.66 volts. What is the error 
signal (E)? The circuit current is found to be 
6.666 microamperes and the error signal is re¬ 
duced to 3.33 volts. The motor speed is 1000 
RPM per volt of error signal, so unless the 
error signal increases, the motor can go no 
faster. The only way to increase the error signal 
would be to further increase the input variable 
signal, in which case the system would speed 
up to the new point of equilibrium between motor 
speed and error signal. 

The equilibrium is the velocity null and an 
error signal is always present but remains steady 
in the velocity null state. While the system is 
following a command to increase or decrease 
speed, the error signal (E) is changing in value. 


ACCELERATION SERVO 

The acceleration servo is based on the same 
basic principles as the position and velocity 
servos. Its output variable (C) is acceleration 
(rate of change of velocity) or (C a ). The response 
transducer which measures the controlled vari¬ 
able is an accelerometer and the response signal 
B a is a signal related to the acceleration of the 
output. 

The “accelerometer” may not be an accelero¬ 
meter in the true sense of the word. To under¬ 
stand what we mean by this, consider, once again, 
the output of the tachometer in the velocity servo. 


The tach output changed from zero volts to+16.66 
volts over a period of time. Therefore, the rate 
of change of the tach output is indicative of the 
acceleration. There are methods of determining 
this rate of change and using it to affect the re¬ 
sponse so as to aid the acceleration of the output. 
In other words, the response signal will assist 
the input signal in overcoming the inertia of the 
load. As the output is accelerated to its new 
velocity, the affect on the response diminishes 
until once again a null or state of equilibrium 
exists between input signal and response. More 
will be said concerning this when we consider 
the operational characteristics of servosystems, 
which is the next subject of interest. 


SERVO CHARACTERISTICS 

The operational characteristics of a servo 
are determined primarily by its job. There are 
just about as many different types of servos as 
there are jobs for servos to do. Generally 
speaking, a servo has a common purpose —to 
control its output in a manner dictated by its 
input. Ideally, the motion and position of the 
output shaft should duplicate the motion and 
position of the input shaft. But we never get 
ideal performance from servos. We will discuss 
the major reasons for this, and show some of 
the approaches taken to improve servo per¬ 
formance. 

There is always a time lag between a change 
in the input signal and the servo’s reaction to 
the change. Any physical motion requires time. 
In addition, the error signal must have sufficient 
magnitude to cause the servo to drive. Below 
this level the servo is insensitive to signal 
change. The servo’s time lag will be decreased, 
and its sensitivity to small signal changes in¬ 
creased, by an increase in the gain of the ampli¬ 
fier. But if the gain is set too high the servo 
output will tend to oscillate, and to be unstable. 
Hence the gain of a servo is limited by stability 
considerations. The sensitivity of a servo is 
counterbalanced against its stability to obtain 
the best operation. 

All signals in a servo except for the response 
signal are considered to originate outside the 
amplifier. Input signals to a servo always con¬ 
tain some roughness, such as noise in an elec¬ 
trical signal. This roughness must be eliminated 
to obtain smooth operation. Let’s consider a 
director train power drive with a position signal 
from a CX—CT synchrosystem. There are 
physical limits to the rapidity of the director’s 
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movements. Slow variations in position must 
be accepted as possible director motion, but 
rapid fluctuations in the signal may be rejected 
as being impossible for the director to achieve. 
Thus by an examination of the signal’s frequency 
spectrum we can detect and eliminate known 
noise frequencies. Filters in the signal circuit 
can shunt noise frequencies away from the am¬ 
plifier, and allow only those frequencies that 
represent director motion to enter the ampli¬ 
fier. 

If the capabilities of a servo’s load are 
known, we can attenuate or eliminate some of 
the unwanted frequencies in the signal. In other 
words, a bandwidth for the servoamplifier is 
established. The bandwidth must include all the 
frequencies that could represent valid signals. 
Hence frequencies which are actually caused by 
noise but could represent valid motions of the 
signal must be accepted. Damping and stability 
feedback are used to reduce this roughness in 
the servo. We will cover damping separately, 
later in the chapter. 

An increase in bandwidth causes a corre¬ 
sponding increase in noise generated in the 
amplifier, and a loss in gain. The response 
signal fed back to the error detector is propor¬ 
tional to the amplifier’s output and contains any 
noise generated there. Since response is 180° 
out of phase with the input signal, it is a negative 
feedback. Consequently the advantages of nega¬ 
tive feedback are applicable to servos. One of 
these advantages is that nonlinear distortions 
and noises generated in the amplifier are re¬ 
duced by response. This does not eliminate noise 
in the error signal input to the amplifier. 

Response in a servo tends to make the overall 
gain of the amplifier independent of variations 
in load, supply voltages, and aging of the tubes. 
This gives the amplifier a constant gain factor 
and the servo a flat amplitude response curve. 
A constant gain factor will provide a linear 
relationship between the input and output signals 
of the amplifier throughout its operating limits. 
Therefore an error signal of a given amplitude 
will produce an output signal with a definite 
amplitude. The amplifier’s output is, of course, 
the control signal to the error reducer. Hence 
if the error reducer has a linear relationship 
between control voltage and torque produced, 
the servo’s response will be directly propor¬ 
tional to the error signal. 

Variations in the gain of a servo are some¬ 
times desirable to compensate for load varia¬ 
tions. Consider the director train servo we 
spoke of before. The director has mass, and 


therefore has inertia. Inertia is the property of 
a body which resists changes in motion. A 
change in motion is an acceleration and a foroe 
is required to accomplish acceleration. Since 
the director has inertia, a larger force is nec¬ 
essary to start the director into motion or .to 
accelerate the director’s motion than the force 
required to maintain the director at a constant 
velocity. 

Assume the director is tracking a target 
which causes the director to train at a constant 
velocity to the right. Now assume that the target 
changes course, requiring the director to re¬ 
verse its direction and train to the left. To do 
this the train servo must first stop the director’s 
movement to the right. Since the director has 
inertia, there is a sudden increase in the load 
on the servo as it attempts to stop the director. 
The error signal to the servoamplifier does not 
reflect this increase in the load due to inertia. 
Hence there is a time lag before the director 
is stopped and started to the left. The time lag 
can be reduced if the gain of the amplifier is 
varied to compensate for load variations. 

The load’s variation is due to acceleration. 
Thus a signal proportional to a change in the 
load’s velocity could be used to vary the am¬ 
plifier’s gain. The velocity feedback signal would 
originate at the load from a source such as a 
rate generator. 

The amplifier’s gain is sometimes varied by 
the amplitude of the error signal. When there 
is a large displacement between the load posi¬ 
tion and the ordered position we would want the 
servo to accelerate rapidly to its maximum vel¬ 
ocity and to maintain that velocity until the load 
is close to the ordered position. The error signal 
to the amplifier could be used to shift circuits 
in the amplifier to vary its gain. When the error 
signal’s amplitude reached a preset level it 
would automatically shift the gain. 


SERVO CIRCUITS 

In this section of the chapter we will discuss 
the circuits and the components that make up 
a servo. It is not practical to cover all their 
applications in fire control servos. Therefore, 
we have divided the circuits by their function 
and have selected applications that will teach 
the different methods of accomplishing the 
function. We will not cover the material pre¬ 
sented in the basic texts (Basic Electrioity, 
NAVPERS 10086-B and Basic Electronics, NAV- 
PERS 10087-C). Therefore, it probably will be 
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necessary for you to read the basic texts before 
you study the material presented here. We will 
cover the application of vacuum tubes, transis¬ 
tors, and magnetic circuits plus the use of am¬ 
plifiers, motors, and generators without 
discussing the theory of operation of these 
units. Like an iceberg, most of the material 
necessary to understand servos is below the sur¬ 
face in the basic theory. 

SENSING ELEMENTS 

. This section deals with devices that meas¬ 
ure, convert, or sense the INPUT and OUTPUT 
of . any servo, and express them in suitable form. 
The more common types of these devices con¬ 
vert motion into corresponding electrical energy. 
These devices are part of the class called 
transducers. This book will not attempt to put 
the units treated here into any rigid classifica¬ 
tion- system. Instead, some of the more com¬ 
mon terms used by manufacturers and the Navy 
to classify these devices are mentioned so that 
you can become familiar with a wide variety of 
nomenclature. 

Potentiomete rs 

In servos the input information is usually in 
the form of a voltage or shaft position. The 
error signal to the servoamplifier is normally 
an electrical signal. The response may be a 
voltage or a mechanical quantity. You can see 
that some energy-converting device is required 
in almost any servo, as well as a device which 
measures position of the input and output. A 
potentiometer is one of the simplest means of 
accomplishing these functions. You have already 
studied potentiometers used as transducers when 
you studied the preceding sections of this chapter 
which covered position and velocity servo oper¬ 
ation. 

Variable Transformers 

A variable transformer is a device in which 
the magnetic coupling (primary and secondary) 
between a set of stator coils and a set of rotor 
poles (which may or may not be wound) can be 
•varied by moving either the rotor shaft, the 
stator assembly, or both. Variable transformers, 
like the other devices mentioned here, may be 
classified by many different methods. A few 
of these are: ( 1 ) application, (2) construction, 
( 3 ) principles of operation, and (4) manufac¬ 
turers* trade names. 


These devices may be used in servosystems 
to perform many functions. They are used to 
transmit information between remote units of a 
system. Some examples of data transmission 
units are synchros, resolvers, E-transformers, 
and the microsyn. 

Although synchros and resolvers are familiar 
subjects, they will be presented in greater detail 
in forthcoming sections of this training manual. 
E-transformers and microsyns may be new to 
you. They find extensive use in conjunction with 
gyroscopes. Therefore, they will be covered 
in the next chapter. 

SYNCHRONIZING CIRCUITS 

Use of a dual-speed synchro transmission 
system increases the accuracy of the servo. 
But a dual-speed synchro system introduces a 
problem —how can a servoamplifier tell when it 
is, or should be, receiving a fine or a coarse 
signal? Most synchro systems transmit at one 
or more of the following speeds: IX, 2X, 18X, 
36X, and 72X. A typical dual-speed synchro con¬ 
trol system, such as for bearing data transmis¬ 
sion, has a coarse CT (control transformer) 
at l-speed, and a fine CT at 36-speed. In this 
system, response from the servo to the fine CT 
is driven at 36-speed and each rotation of the 
shaft represents 10 degrees. Therefore, if the 
error is large, the servo could synchronize at 
a false point. To prevent this, control of the 
servo must be shifted to the coarse CT when the 
servo is more than two or three degrees out 
of synchronization. 

A synchronizing circuit is included in the servo 
to sense how far the load is from the ordered 
position and then to switch the appropriate signal 
into control. The signal selected by the circuit 
is the input to the amplifier. The selection is 
based on the size of the error signals the circuit 
receives. The coarse signal is the predominant 
factor in the selection, since it is a measure of 
the servo’s output position throughout its limit 
of motion. The coarse signal drives the system 
into approximate synchronization, where the fine 
signal is shifted into control. The servo is 
normally controlled by the fine CT, the coarse CT 
has control only when the servo is far out of 
synchronism. 

Relay-Operated Synchronizing Circuit 

The relay circuit (fig. 9-16) connects the fine 
or the coarse CT to the amplifier. One side of both 
error signals is connected to the fixed con¬ 
tacts of relay Kl. The other side of each error 
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Figure 9-16. —Relay operated synchronizing circuit. 


166.19 


signals is grounded and thus is common. The 
movable contact of Kl is spring loaded so that 
it normally makes connection with the fine signal 
contact. Therefore, when Kl is deenergized 
the fine signal is passed to the amplifier, and 
conversely when Kl is energized the coarse 
signal has control. Hence, the coarse signal is 
used to control the d-c supply to the coil of Kl. 

The coarse signal is applied to the plate of 
V5A. The plate and grid of V5A are tied together 


and the tube operates as a diode, half-wave 
rectifier. When the plate is positive, it will 
conduct. The output from V5A is a pulsating 
voltage taken from the top of Rl6, the catb 
resistor. Thus V5A rectifies the coarse signal. 

Tube V5B is in series with the coil of Kl. 
V5B is biased below cutoff by the cathode resistor, 
R15. The grid potential varies with magnitude 
of the rectified coarse signal from V5A. If the 
grid signal exceeds a fixed value, V5B will con-; 
duct. When this occurs current flows in the plate 
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ircuit and energizes Kl. The relay will pick 
p and shift control to the coarse error signal. 

The circuit for Kl is from ground through 
115 and V5B, then through the coil of Kl and 
119 to the positive side of the DC supply. Since the 
ignal to the grid of V5B is a pulsating d-c 
oltage, the tube’s conduction will pulsate which 
rill cause the relay to chatter. C8 is placed 
cross the coil of Kl to reduce the chatter of 
le relay. Rl9 is a voltage-dropping resistor 
i series with the relay coil. Rl4 and Rl5 
>rm a voltage divider circuit. Rl5 is adjustable 
nd controls the cathode bias of V5A. 

Rl5 is adjusted so that V5B will conduct and 
1 will pick up when the sine of the coarse error 
ignal is the proper value. Normally this will 
ccur when the servo is from two to three 
egrees out of synchronism. The exact value of 
rror signal will depend on the characteristics 
f the servo. Generally speaking, we want the 
ne CT in control of the servo as long as pos- 
ible. For a small displacement the fine error 
ignal is much larger and provides a much tighter 
ontrol of the servo. But if too large a coarse 
rror signal is needed to pick up Kl, we risk 
le possibility of a false synchronization or the 
ervo oscillating about the synchronization point 
s the fine and coarse CTs buck each other. 

smiconductor Diode 
fnchronizing Network 

The semiconductor diode synchronizing net- 
ork i6 fairly common, so let’s take a look at 
nother circuit using this technique. This circuit 
; illustrated in figure 9-17. Within a range of 
Dproximately 3° on either side of the synchro- 
izing point, the coarse signal is effectively 


cr 3 cr 4 
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f igure 9-17.—Semiconductor diode synchroniz¬ 
ing network. 


blocked because of the high impedance of the 
series diodes, CR3, CR4, CR5, and CR6. With 
the coarse signal blocked, the fine signal is fed 
into the summing network and is in control of 
the servo. However, this signal is limited to a 
very low voltage by the parallel diodes, CRl, and 
CR2. 

Both the fine and coarse voltage inputs will 
increase as the error in correspondence is in¬ 
creased. CRl and CR2 develop the fine signal. 
A point will be reached (about 3° error) when CRl 
and CR2 will be incapable of dropping a greater 
voltage. 

Now let us look at the coarse signal. In figure 
9-17 you will notice that the coarse signal is 
developed across Rl. Also notice that the diode 
network of CR3, CR4, CR5, and CR6 is in series 
with Rl. Errors in correspondence which are 
less than 3° will cause some current to flow 
through Rl and the diode network. However, this 
current is small and will cause the diode net¬ 
work’s resistance to be high. Therefore most of 
the coarse signal voltage is dropped across the 
diode network and very little voltage is devel¬ 
oped by Rl. In this condition the resultant volt¬ 
age in the summing network is predominantly 
from the fine synchro. As we get further out of 
synchro correspondence, the current through the 
coarse signal diode will increase causing a de¬ 
crease in the diode network’s resistance. A 
smaller percentage of voltage will be dropped 
across the diode network and thus more signal 
voltage developed across Rl. Circuit resistance 
is selected so that the voltage developed across 
Rl (coarse signal) will override the voltage 
across CRl and CR2 (fine signal) when the synchro 
correspondence error is 3° or more. The coarse 
signal now has control of the servo. When the 
servo error becomes less than 3°, the fine signal 
resumes control. 

In similar circuits, zener diodes are used in 
place of the selenium or crystal rectifiers. 
When the voltage across a zener diode reaches 
the zener voltage (breakdown voltage), the cur¬ 
rent flow through the diode increases very rapidly 
while the voltage drop across the diode remains 
almost constant. (Zener diodes are covered in 
Basic Electronics , NavEdTra 10087-C.)There- 
fore, when the coarse error signal is sufficiently 
large the voltage will break down the zener 
diode’s internal barrier. The large current flow 
means the signal will pass through the diode with 
a minimum of loss. 


333 


Digitized by v^.ooQle 






FIRE CONTROL TECHNICIAN (M) 3 & 2 


MODULATORS 

Some servos have a d.c. error voltage and an 
a.c. amplifier or motor. Consequently, the d.c. 
error voltage must be converted to an a.c. volt¬ 
age that contains the same data, the direction 
and magnitude of the error, before it can be used. 
The circuit that converts the signal from d.c. 
to an a.c. voltage is called a modulator. Mod¬ 
ulation is the process by which the amplitude, 
frequency, or phase of a carrier wave is varied 
with time in accordance with the wave form of 
a superimposed intelligence. Modulation and de¬ 
modulation are covered in Basic Electronics, 
NavEdTra 10087-C. 

In the modulator circuit the carrier wave is 
the servo’s a.c. reference voltage. The super¬ 
imposed intelligence is the d.c. error signal. The 
polarity of the d.c. error voltage indicates the 
direction of the error, and its magnitude is 
proportional to the amount of error. Therefore, 
the phase of the a.c. signal is related to the 
polarity of the d.c. signal, and the magnitude of 
the a.c. signal is proportional to the d.c. signal 
voltage. 

The modulator circuits use elements that act 
as synchronous switches. Examples of these 
elements are: transistors, crystal or metallic 
rectifiers, diodes, triodes, and mechanical con¬ 
tactors. The elements have a high front-to- 
back resistance ratio, so that current will flow 
through the “switch” only in one direction. 
The switches are operated at the carrier fre¬ 
quency, which is usually 60 or 400 Hertz. The 
resulting pulsating voltage is proportional to the 
d.c. error voltage. The phase of the pulsation 
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Figure 9-18. — Electromechanical vibrator 
(chopper). 


voltage is determined by the polarity of the d.a 
error signal. 

Vibrator Modulators 


A modulator may be either an electrome¬ 
chanical or an electronic circuit. An example 
of an electromechanical circuit, called avibratoi 
or chopper, is shown in figure 9-18. The coil 
is energized by alternating current at the appro¬ 
priate frequency, usually 60 or 400 Hertz. 

To prevent the vibrating arm from beinj 
attracted twice by the coil during each cycle, 
some direct current is passed through the coil, 
or through another coil wound on the same core, 
Thus when the alternating current flows in the 
other direction, its magnetizing force is cancelet 
by that of the direct current, and the attractioi 
on the arm is reduced. The arm thus vibratee 
at the frequency of the a.c. supply (reference) 
voltage. Most choppers use a permanent magn# 
in place of the d.c. winding. *9 

To reduce the power required to drive ft 
arm, the arm is usually tuned so that it vibraW 
naturally at the proper frequency. The outttjj 
is then a square wave, having the level ofw 
d.c. input for one-half cycle and zero levelfw 
the other half. : E 

Blocking condensers in the amplifier thil 
follows the chopper remove the d.c. componeHj 
so that the signal becomes a square wave witM® 
amplitude proportional to the d.c. signal level 
and a phase which reverses when the d.c. signal 
changes polarity. This amplifier also discrim¬ 
inates against high frequency signals, so thai 
the square wave ultimately is converted to# 
sine wave at the frequency of the vibrator switch 
ing. * 

•# 


If the motion of the vibrator arm is synchHf 
nized so that the contacts make and break*# 
phase with the reference a.c. voltage, the vi 
tor’s output voltage will be in phase with 
reference voltage. In some applications a pi 
shift is introduced by the vibrator. The vibralj 
arm is synchronized one-quarter cycle afte 
peak of the a.c. reference voltage. Thus the vi 
tor output will lag the reference voltage 
degrees. The error signal entering the amp 
contains the 90-degree phase shift necessa.,, 
start or stop a split-phase servomotor, '• 


In some servos a vibrator is not only 
to change d.c. to a.c., but is also used as a 
traction device. Suppose the vibrator inputte: 
nals were supplied with two signals, one < 
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Figure 9-19. —Crystal diode modulator. 


o plus five volts and the other equal to minus 
lve volts. The vibrating contact will move be- 
ween the two points, which differ in potential 
iy ten volts. The output of the vibrator is pro- 
ortional to the difference in potential between 
he vibrator’s inputs. In this example, the circuit 
Kitput would be a square wave with an amplitude 
rf ten volts peak to peak. Recall that a servo’s 
>rror detector will measure the voltage difference 
letween the ordered signal and the response 
lign&l. This is exactly what the vibrator is doing. 

frystal Diode Modulator 

The crystal diode modulator (fig. 9-19) con- 
lists of a diode bridge and transformer network. 
Mien a reference voltage is applied to trans- 
ormer Tl, diodes CR2 and CR3 conduct during the 
legative alternation of the reference voltage. 
There is a 180° phase reversal in Tl.) Con¬ 
versely, diodes CRl and CR4 conduct on the 
ositive half-cycle of the reference voltage. 
Electron flow during the positive and negative 
ilternations is represented by dotted arrows and 
olid arrows, respectively. If a positive d.c. 
ignal voltage is applied during the negative- 
ping alternation, electrons will flow from 
pound, through the upper half of the primary 
rinding of transformer T2, through diode CR2 and 
Plough the upper half of the secondary winding 
t transformer Tl to the d.c. source. Cur- 
ent flow through the bottom of T2, CR4, and 
he bottom of Tl secondary is opposed by the 
pposite polarity across CR4. On the positive¬ 
ping alternation, electrons will flow from 
pound, through the lower half of the primary 


of transformer T2, through diode CR4, and 
through transformer Tl to the d.c. signal source. 

If a negative d.c. signal is applied, electron 
flow through the circuit will be reversed. That 
is, electrons will flow from the d.c. signal source, 
through diodes CR3 and CRl in turn, to ground. 
Since, in all cases electrons are caused to flow 
through the primary of transformer Tl at the rate 
of the reference voltage, the output of this trans¬ 
former will be at the frequency of the reference 
voltage. The phase of the a.c. output signal 
is determined at any given instant by both polarity 
of the d.c. input and the phase of the a.c. ref¬ 
erence voltage. 

Electron Tube Modulators 

An example of an electronic modulator is 
shown in figure 9-20. The input d-c error voltage 
is impressed between El and ground. The a-c 
reference voltage along with the action of Vi, 
V2, R2, and R3 effectively clamp output E2 at 
zero potential for one-half cycle of the reference 
voltage. To accomplish this, the following con¬ 
ditions must exist: 

1. Rl must be much larger than R2. 

2. R2 and R3 are equal. 

3. Vl and V2 must be matched (usually a 
balance circuit is included to match the tubes). 
With a reference voltage applied, making the 
plate of V2 positive and the cathode of Vl nega¬ 
tive, current will flow through Vl, R2, R3, and 
V2. Since R2 equals R3, voltage E3 will equal E4. 
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If the d.c. error voltage is positive, Vi will 
pass current down across Rl, effectively drop¬ 
ping the amount of the error signal. The voltage 
output at E2 for this half cycle will be zero. If 
the d.c. error voltage is negative, current will 
pass up across Rl, R3, and through V2 to the 
source. Rl once again (because of its size) drops 
an amount almost equal to the d.c. error voltage 
and the signal at E2 will again be almost zero. 

We can readily see that when the tubes con¬ 
duct, the voltage at E2 will be almost zero, and 
when they are cut off by the reverse polarity of 
the reference voltage, the output voltage will be 
equal to the d.c. error input. This will result in 
a pulsating d.c. output with its amplitude and 
phase determined by the amplitude and polarity 
of the d.c. error voltage. 

DEMODULATION 

Some fire control servos use d.c. servomotors 
to drive the load. A typical example is the 
amplidyne power drive. Amplidyne power drives 
are covered in Basic Electricity , NavEdTra 10086- 
B. The input signal to an amplidyne servo is 
usually an a.c. synchro voltage. This requires 
that the a.c„ order signal be converted to a d.c. 
signal. To accomplish this a demodulator circuit 
is used. Demodulation is the process of ex¬ 
tracting the signal intelligence from a modulated 
carrier wave. In the amplidyne type servo the 
modulated carrier wave is the a.c. signal from 
the CTs. The magnitude of the a.c. signal is 
proportional to the size of the error and the phase 
of the intelligence we must extract. 

To derive a d.c. signal having the same intel¬ 
ligence as the a.c. signal we must be able to 
detect both the phase and the magnitude of the 
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Figure 9-21. —Diode vacuum tube demodulator. 


a.c. signal. The polarity of the d.c. signal is 
determined by the phase of the a.c. signal com¬ 
pared to a reference voltage. The reference 
voltage must be from the same source as the 
synchro supply, which is the voltage we modu¬ 
lated in the first place. The magnitude of the 
d.c. signal is directly proportional to that of the 
a.c. signal. 

Demodulators are often referred to as phase- 
sensitive rectifiers or detectors, phase- 
discrimination converters, or simply a£ 
discriminators and detectors. These are high- 
sounding names for, as you will see, a circuit 
with which you are fairly familiar. If you under¬ 
stand the operating principles of modulators, 
demodulators will be easy for you to learn. 

Diode Demodulators 




A typical diode demodulator (phase detector) 
is shown in figure 9-2i. As illustrated, an a-c 
supply voltage serves as the reference voltag< 
for the detector. This voltage must come from 
the same source that is supply a.c. excitation 
to the synchro system, or whatever type of erix^ 
detector is used, and must be in phase with4^ 
common supply voltage. This permits a phaBjfr 
comparison of the error voltage with the refer¬ 
ence voltage. The plates of the two diodes are 
supplied with this reference voltage in such a 
manner that the two plates will be in phase. As¬ 
suming that there is no error signal from T2, 
the plates of the diodes at the time the pla 
are on a positive half-cycle, the two diodes 
conduct equally. The voltages produced acre 
Rl and R2 are equal, making the cathode of. 
and V2 at equal potential with respect to grouj 
With the two output terminals at the same poten¬ 
tial, the output voltage will remain at zero qf 
long as no error signal is applied. v 

If an error signal is applied to T2 m 
the plate of Vl positive at the same time 
reference voltage on the plates of VI and V 
on its positive half-cycle, Vl conduction will 
increased and V2 conduction decreased over thf 
no-signal condition. Since the voltages appljafl 
to the plates are both alternating, the voltage 
developed across Rl and R2 would also be ^ 
ternating. However, Rl-Cl and R2-C2 havgjf 
long time constant compared to the input fi«r 
quency, and therefore filter most of the ripplg, 
giving a d.c. output. 

If the error signal applied to T2 is changed' 
180 degrees, V2 would now increase its. * 
duction while the conduction of Vl would be. 
duced. This would result in an output voltage^ 
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Figure 9-22. —Triode demodulator. 


reversed polarity. Variations of the diode phase 
letector may be encountered; however, they all 
lepend on the same basic principles of operation. 

rriode Demodulator 

The demodulator shown in figure 9-22 is a 
ull-wave phase-sensitive demodulator. It com- 
>ares an a.c. signal voltage with an a.c. reference 
roltage to produce a d.c. output. In this cir- 
Juit there are two sets of conditions for the 
JOlarities of the input voltages, since at any in¬ 
stant of time the reference voltage and the signal 
roltage will be in phase or 180° out of phase. 

An in-phase condition is shown in figure 9-22. 
Vn examination of the existing instantaneous 
wlarities reveals that only Vl can conduct. Each 
section of Vl will conduct on alternate half- 
lycles of input voltages. This is approximately 
ne action of a full-wave rectifier. 

Consider the instantaneous polarities present: 

1. V2A is not conducting because its plate is 
legative. 

2. V2B is not conducting because of the nega- 
ive bias on its grid; the windings of T2 bias it 
elow cutoff. 

3. VlB is not conducting because its plate 
s negative. 

4. VIA is conducting because both plate and 
;rid are positive with respect to the cathode. The 
wrrent, I, will flow through the tube and re¬ 
sistor Rl as shown, producing the output d.c. 
oltage across Rl. 


On the alternate half-cycle of the a.c. voltages, 
VlB will conduct and the d.c. current through Rl 
will be in the same direction as before. 

For the reverse condition, when the a.c. volt¬ 
ages are 180° out of phase, V2 will conduct. The 
d.c. output voltage across Rl will reverse its 
polarity. 

Electric Demodulator 

The demodulator shown in figure 9-23 will 
rectify an a.c. signal and convert it to a pulsating 
d.c. signal proportional in magnitude to the input 
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Figure 9-23.—Electric demodulator. 
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signal voltage. The polarity of the d.c. output 
voltage is determined by the phase of the signal 
compared to the reference voltage. Naturally, the 
signal and reference voltages are of the same 
frequency. 

We will assume that the signal voltage on 
transformer T2 is in phase with the reference 
voltage on transformer Tl. In the half cycle 
shown the current depicted by the dotted arrows 
starts at terminal 6 of Tl, flows through the 
rectifier CR2, winding 5-4 of T2, and parallel 
resistors R2 and R4, to terminal 7 of Tl. The 
signal and reference voltages in these secondary 
windings of the transformers are in additive 
series. Therefore, the voltage across the parallel 
resistors is proportional to their sum. 

The current depicted by the solid arrows starts 
at terminal 3 of Tl, flows through rectifier CR3, 
winding 3-4 of T2, and parallel resistors Rl 
and R3, to terminal 4 of Tl. The voltages in 
both these transformer windings are in subtractive 
series. Therefore, the voltage across the resis¬ 
tors is proportional to their difference. 

Consequently, the voltage across resistors Rl 
and R3 is smaller than the voltage across the 
resistors R2 and R4. The resultant voltage across 
the resistor network and at the output terminals 
is the algebraic sum of the two voltages. The 
polarity of the output voltage is the same as that 
of the greater voltage. 

On the next half cycle the signal and reference 
voltages are still in phase. You should be able 
to trace the current flow in the demodulator men¬ 
tally without a bunch of arrows. We will start 
at terminal 5 of Tl which is now negative, through 
CRl, winding 5-4 of T2, and parallel resistors 
Rl and R3, to terminal 4 of Tl, which is now 
positive with respect to terminal 5. The volt¬ 
ages are still in subtractive series. 

In the other pair of windings we will start 
at terminal 8 of Tl, which is now negative. From 
terminal 8, the current flows through CR4, wind¬ 
ing 3-4 of T2, and the resistors R2 and R4, 
to terminal 7 of Tl, which is now positive with 
respect to terminal 8. The voltages in the sec¬ 
ondary windings of Tl and T2 are still in additive 
series. Hence the voltage across the resistor 
network is the same for both half cycles and the 
output from the demodulator is a pulsating d.c. 
voltage. 

If we assume the signal voltage is 180 degrees 
out of phase with the reference voltage the di¬ 
rection of the current flow through the resistor 
network would be reversed. The voltage across 
Rl and R3 would now be larger than the voltage 


across R2 and R4. Therefore, the polarity of the 
output voltage would be reversed. 

The peak-to-peak value of the reference volt¬ 
age is constant; therefore, the magnitude of the 
output is determined by the size of the error 
signal. With no signal present the reference 
voltage drop across the resistor networks would 
be equal and opposite, and there would be no 
output. This balance is disturbed by the error 
signal. 

SERVOAMPLIFIERS 

Servoamplifiers have several inherent advan¬ 
tages: 

1. Flat amplitude response or gain over the 
broad band of frequencies of interest. 

2. Small and fixed phase-shift of the output 
with respect to the input. 

3. Low output impedance, and low nonlinearity 
of amplifiers. 

4. Low noise level. 


It is not practical to discuss individual amplifiers 
in this text. But we have selected representa¬ 
tive amplifiers to indicate the various functions 
they perform in a servo. This discussion will 
help you to classify and to understand the am¬ 
plifiers in your equipment. 

We will not discuss the theory of operation 
of the circuits in the amplifier, except the cir¬ 
cuits that are unique to servos. The basic theory 
is covered in Basic Electronics, NavEdTra 
10087-C. 

Preamplifiers 

In some equipment standard servoamplifie^ 
are used. This is particularly true in instru¬ 
ments that have module plug-in amplifier^. 
Therefore, the input signal must be fairly standa^jl 
within the limits of the amplifier. But senp 
error generators vary. For example, the error 
signal’s amplitude may be too small for a stand¬ 
ard amplifier, and a preamplifier is used. The 
preamplifier is a separate stage used to bring 
the signal characteristics within the requiremenp 
of the amplifier. 


Transistor Power Amplifier 

Figure 9-24 shows a two-stage transis 
amplifier of the plug-in module type. We 
assume the input error signals on pins P 
M are from a dual-speed synchro control syst*' 
Zener diode CR2 is part of the synchroni 
circuit and works as two diodes connected 1 
to back. The fine signal on pin P is norma 
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Figure 9-24. — Transistor power amplifier. 
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in control. If the coarse signal becomes suf¬ 
ficiently large it will break down the diodes and 
assume control. The input on pin N is a feed¬ 
back voltage from a tachometer generator. We 
will discuss stabilization of the servo separately 
later in the chapter. 

The sum of the voltages on pins P, M, and N 
is applied to the input transformer Tl. The 
other terminal of Tl is connected to pin H, 
which is a common return for the CTs and the 
tach. There are four supply voltages — the +1 V d.c. 
tad the +30 V d.c. are used in a bias network, 
the +48 V d.c. is used as collector supply for the 
first stage, and the +18 V d.c. is used as the col¬ 
lector supply for the output stage. 

Resistors R3, R6, R7, R8, and R9 form a 
raltage divider network to provide a fixed base- 
imitter bias on the transistors. The circuit for 
he +1 V bias is from pin D through R9 and R3 
)ack to the negative side, pin C. The bases of 
il and Q2 are connected to the bias circuit at 
he tie point between R9 and R3 through the winding 
>f the input transformer Tl. Because of the need 
or good voltage regulation, it is desirable 
tot to have current flow in this circuit. There- 
ore, the +1V bias circuit is connected to the +30 
r bias circuit at the junction of resistors R7 and 
18. There is approximately +1.0 volts at this 
unction and most of the current drawn by the 


base-emitter circuit comes from the +30 V d.c. 
source. Consequently, the +1 V bias supply is 
not loaded down and voltage regulation is good. 

The circuit for the +30 bias voltage is from 
pin E through R8, R7, and R6 back to the nega¬ 
tive side, pin C. The base Q3 and Q4 are con¬ 
nected to the bias circuit through the winding of 
T2, the interstage transformer. The +30 bias 
voltage is connected to the +1 V bias voltage at 
the junction of R8 and R7. Thus in the biasing 
circuits, R9 and R3 are in parallel with R7 
and R6. 

The collectors of the first stage transistors, 
Ql and Q2 are connected to the +48 volt supply 
at pin F through the primary winding of T2. 
The error signals from the opposite ends of Tl 
to the bases of Ql and Q2 are 180 degrees out of 
phase with one another. The output from this stage 
is from the collectors, which are connected to the 
primary of T2 in opposition. The stage is ar¬ 
ranged in push-pull as a driver for the second 
stage. The transistors are arranged in a base 
input—collector output circuit, with grounded 
emitters. The emitters are connected through 
R4 and R5 to the negative side. The resistors 
R4 and R5 furnish self-bias and help to stabilize 
the transistor circuits. 

Transformer T2 couples the amplified error 
signal to the second stage. Transistors Q3 and 
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Q4 are base input —collector output, and are 
connected as a push-pull grounded-emitter circuit 
in an arrangement similar to the first stage. 
The required signal inversion is obtained from 
the transformer. The output of the amplifier, 
at pins A and B, is connected to a split-phase 
servomotor. The motor drives the load and the 
feedback tachometer generator. Response from 
the motor repositions the CTs to null out the 
error signal. 

The d.c. voltages to the transistor’s col¬ 
lectors are unfiltered and contain a ripple that is 
in phase with the reference voltage of the synchro 
system. Therefore, the error signal is either 
in phase or 180 degrees out of phase with the 
a.c. component in the collector voltages. This 
eliminates the need for a separate demodulator 
and modulator circuit. 

Electron Tube Servoamplifier 

Figure 9-25 shows a representative electron 
tube servoamplifier. We can divide the amplifier 
into the following functional sections: tubes Vl and 
V2 are voltage amplifiers, tube V3 is a phase- 
inverter and driver stage, and tubes V4 and V5 


are the output stage connected in push-pull. The 
inputs to the amplifier are: the error signal on 
terminal 3, the plate supply voltages of +450 and 
+300 on terminals 4 and 5, a biasing voltage of 
+105 on terminal 1, and an instrument ground on 
terminal 2. The output is taken from terminals 
6 and 7. 

Before we trace a signal through the amplifier, 
study the biasing circuits and the plate circuits 
of the tubes. These are connected in a conven¬ 
tional manner and are covered in Basic Elec¬ 
tronics , NavEdTra 10087-C. 

We will assume the servoamplifier is used 
in conjunction with a dual-speed synchro control 
system. The input signal on terminal 3 is from 
a relay-operated synchronizing circuit. The signal 
to tube Vl, a high-gain pentode voltage amplifier 
is developed across the resistor Ri. The output 
from Vl is taken from the plate and coupled 
to V2A through C3. The second and third stages 
are medium-gain voltage amplifiers consisting 
of the twin triode V2. The two sections of 
V2 are coupled by RC circuits. The output froiS 
V2B is coupled to the grid of V3A. 

Both sections of V3 are connected as cathode 
followers to drive the output stage. The two 
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,signals are coupled directly to V4 and V5 through 
]Rl8 and Rl9. However, V3A has two outputs; 
|fte signal from its plate to V3B through C6 
,andRi5 is phase inverted from its cathode output. 
,ff we assume there is no error signal on the 
grid of V3A, the bias on both sections of the 
tube will result in the cathodes being at the same 
! potential. Therefore, the signals to the grids of 
^V4 and V5 will be equal. Now assume that a 
positive signal is applied to the grid of V3A. 
’The positive signal will cause the conduction 
through V3A to increase proportionally to the 
size of the signal. The increased current flow 
'will cause the cathode to swing in the positive 
^direction and the plate potential to drop. Thus the 
swing of the plate is a negative signal to the grid 
Of V3B which will reduce the current flow through 
V3B, The cathode potential will drop in proportion 
to the signal on its grid. Thus the cathode of 
V3A has changed in a positive direction while the 
cathode of V3B has changed an equal amount in 
the negative direction. Naturally, if the signal 
to the grid of V3A were negative all the re¬ 
sulting signals would be in the opposite direction. 

Tubes V4 and V5 are connected in push-pull 
across the output transformer Tl. The bias on 
ie tubes in controlled by V3 — the driver stage. 

there is no error signal present on the grid 
f V3A, the output tubes will conduct an equal 
Blount in opposite directions through the primary 
inding of Tl. The output of the amplifier will 
i zero. 

Since the signals to the grids are in opposite 
rections, when they are present conduction in- 
■eases in one tube and decreases in the other, 
ie amplifier then has an output. The phase of 
3 output is determined by the polarity of the 
?nals to the grids, and its magnitude is pro- 
rtional to the magnitude of the grid signals. 
A sample of the output voltage is applied 
the cathode of VI as negative feedback. The 
>dback voltage will contain the noise com¬ 
ments generated in the amplifier but their phase 

I be inverted. Hence the feedback voltage 

II tend to eliminate this source of noise voltage, 
m will also help to stabilize the amplifier. Note 
it there are two sources of plate supply in the 
iplifier. The source for the last three stages 

am Pli^i er is independent of the supply for 
' two high-gain voltage stages. This reduces 
' amount of undesirable fluctuations in the 
e supply that will be coupled between the two 

I am Plift er * The filter circuit, 

II d C2 ^° rms a s hunt across Vl. This circuit 

vyi ,® COu P^ e or shunt undesirable frequencies 
)tn the amplifier. 


Magnetic Amplifiers 

In electron tube amplifiers the amount of cur¬ 
rent that flows through a tube is controlled by 
its internal impedance. A reduction of the im¬ 
pedance will increase the current flow through the 
tube. Magnetic amplifiers use the same principle. 
The impedance, and consequently the current in 
a saturable reactor can be controlled by varying 
the magnetic state of its core. Magnetic circuits 
are covered in Basic Electricity, N avEdTra 10086- 
B, and will not be repeated here. 

BASIC SATURABLE REACTOR. — Basically, 
the saturable reactor circuit has a control 
winding and a load winding on each of two 
toroidal cores (fig. 9-26). The control windings 
are connected so that their magnetic fields have 
opposite polarities. The signal resistor has 
a low ohmic value and the control windings 
have a small number of turns. The load windings 
present an infinite impedance when there is 
no signal input to the control windings, and 
the load current is practically zero. 

A d.c. control signal impressed on the control 
windings will create magnetic fields in cores A 
and B. The magnetic fields will be stationary and 
opposite in polarity. The fluctuating magnetic 
fields created by the a.c. power supply have the 
same polarity in both cores and will be additive 
in one core and subtractive in the other core 
with the control magnetic fields. When the a.c. 
power during its first half-cycle creates additive 
fields in core B and subtractive fields in core A, 
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Figure 9-26. — Basic saturable reactor. 
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there is a point where core B becomes saturated. 
The load winding on core B immediately drops 
towards zero impedance because, with constant 
flux density, there is no change in turns-linkage 
as the a.c. voltage varies. At the same time the 
impedance of the load winding of core A is 
considerably reduced. The subtractive magnetic 
fields reduce the total flux density until there 
s only a small rate-of-change of turns-linkages 
as the a.c. voltage varies. With low total flux 
density the windings on core A begin to function as 
a transformer. At this point, the control windings 
appear as a short circuit, and the impedance of 
the load windings is reduced further toward zero. 
Therefore, almost the entire voltage of the a.c. 
power supply is impressed on the load resistor. 

During the second half-cycle of the a.c. supply, 
core A becomes saturated and core B functions as 
a transformer. The load resistor receives almost 
the entire voltage of the a.c. supply, but of the 
opposite phase. The amount of current through 
the load resistor is determined by the point in 
the a.c. cycle when one of the cores becomes 
saturated. The saturation point is determined by 
the d.c. control signal’s amplitude. When the d.c. 
signal is greater, saturation is reached earlier 
and the period that load current flows in each 


cycle lengthens. Thus more current is used at 
the load. »4 

The basic saturable reactor circuit does not 
have the stability or accuracy required for use 
in magnetic amplifiers in fire control equipment. 
To obtain better operation, the reactors have* 
several additional windings. A regenerative wind^ 
ing is used with the load winding, and a bias and| 
a negative feedback winding are used with thj 
control windings. $ 

REGENERATIVE WINDINGS. — The load wind¬ 
ings are connected in series to a full-wav© 
rectifier bridge (fig. 9-27). The regenerative 
windings are connected in series bucking acrosA 
the bridge. When a d-c control signal is presens 
during the first half-cycle of the a.c. suppll 
voltage, the current through the regenerate 
windings will create a magnetic field of th£j 
same polarity as created by the load and control 
current in one core. This core (A in the figure), 
will drive quickly to saturation and cause the 
impedance of the load winding to drop to near 
zero. At the same time, the magnetic fields 
created in the other core (B in the figure) 
by the load and regenerative windings, tend to 
cancel each other leaving only the low-density 
flux created by the DC control signal. This core 
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Figure 9-27. — Regenerative windings. 
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rtll act as a transformer, in which the near 
sero impedance of the control winding is reflected 
n the load winding. 

In the second half-cycle of the a.c., the cur- 
■ent direction remains the same, except through 
he load windings and the load. Core B becomes 
laturated, and load winding B has near zero 
mpedance. Load winding A now acts as the trans- 
ormer. 

MAGNETIC AMPLIFIER IN A SERVO. —Fig- 
ire 9-28 shows a practical bidirectional servo with 
. magnetic amplifier consisting of two saturable 
eactors. One-half the control winding of the a.c. 
ervomotor acts as the load on each reactor. The 
irection of the motor rotation is determined by 
electing the half of the control winding through 
'hich current will flow. The saturable reactors 
. and B are similar to the one in figure 9-27 with 


the exception that we have added the bias and 
negative feedback windings. 


BIAS AND FEEDBACK WINDINGS. —The ef¬ 
ficiency and accuracy of a magnetic amplifier 
are lowered by the magnetic hysteresis of the 
core material. Hysteresis is the lag of the 
magnetic flux behind the current that causes it. 
The two bias windings in each reactor are wound 
in opposite directions. Therefore, the magnetic 
fields created by the d.c. bias current have op¬ 
posite polarities. To counteract the lag, the bias 
magnetic fields tend to cause the magnetic 
fields in the core to reverse polarities with 
the a.c. voltage supply. The amplitude and di¬ 
rection of the bias current is set so that when the 
control signal has the same polarity it will 
prevent reactor B in the figure from saturating. 
When the bias and control signals have opposite 





Figure 9-28. —Magnetic amplifier in a servo. 
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polarities, the bias will stop reactor A from 
conducting. 

The d.c. control signal (fig. 9-28) is positive, 
and saturable reactor A will conduct. The di¬ 
rection of current flow through the motor’s 
control winding 2-4, which is the load on the 
reactor, corresponds to the current in the motor’s 
field winding 1-3. During the negative half¬ 
cycle of the a.c. supply the current in both the 
control and field windings of the motor will 
reverse. Therefore, the motor will continue to 
drive in the same direction. Basically, the opera¬ 
tion of the saturable reactor is identical to the 
one in figure 9-27. As long as the input control 
signal polarity remains the same, reactor A will 
continue to conduct. Reactor B is prevented from 
conducting by its bias voltage. 

If the polarity of the input signal becomes 
negative, reactor B will conduct and pass current 
through motor control winding 5-6. Current di¬ 
rection through the motor control winding is 
opposite to that in the motor field winding. The 
motor will now rotate in the opposite direction. 
Reactor A is prevented from saturating by its 
bias current. Thus we have a bidirectional 
servosystem. 

The negative feedback voltage is taken from 
the output motion of the servo. Its polarity is 
opposite to that of the control signal voltage in¬ 
put to the amplifier. The feedback voltage serves 
the same purpose as in an electron tube amplifer. 
It will dampen the servo, reduce the noise in 
the output generated in the amplifier, and help 
to stabilize the system. 

Isolation Amplifiers 

Isolation amplifiers are used with computing 
components, such as resolvers and potentio¬ 
meters, to increase their accuracy. Some other 
names for an isolation amplifier are: buffer, 
booster, and operational amplifier. The amplifier 
has a high input impedance and thus draws prac¬ 
tically no current from the signal source. It 
separates the signal source from its normal load, 
and inaccuracies that would result from loading 
the signal source are thereby greatly reduced. 
As you know, a resolver’s output signal is a scale 
voltage representing a quantity in the fire control 
problem. We cannot afford errors in the scale 
voltage. 

The isolation amplifier is a power amplifier 
with a voltage gain slightly greater than unity. 


Its output voltage has either no phase shift or 
a designed and controlled phase shift. The voltage 
gain beyond unity compensates for the losses in¬ 
curred in the particular component with which it 
is used. 

COMPUTING AMPLIFIERS. —When you stud¬ 
ied amplifiers in Chapter 6, you learned that com¬ 
puting amplifiers are sometimes used to isolate 
a signal source from a load. Therefore, you 
are familiar with the operating principles of 
isolation amplifiers. Generally speaking, they 
have a high, variable gain factor. When used as 
isolation amplifiers, they use a high percentage 
of negative feedback to buck against the input 
signal. Let’s expand our knowledge of these 
principles by analyzing two other isolation am¬ 
plifier circuits. First, a basic isolation amplifier 
circuit. Second, an electron tube isolation am¬ 
plifier. 


BASIC ISOLATION AMPLIFIER CIRCUIT.- 
The isolation amplifier eliminates direct con¬ 
nections between the signal generator and the 
resolver Rel and its load resolver Re2 (fig. 9-29)| 
The amplifier is in series with the load. Firfl| 
we will consider the voltage regulating circuity 
trace out the heavy lined loop. The input to tfc| 
amplifier is the instantaneous potential different 
between Rl of Rel and ground. The amplifier^ 
outputs are taken from the voltage dividers R| 
and R4. The voltage across the resistors i(| 
applied to Re2, the load. Resistor R4 determine 
the amount of negative feedback to Rel and the 
amplifier. The value of R4 is selected so thaj 
the feedback is slightly less than unity. The 
amplification factor is slightly greater than 
unity in order to make up for resolver tranq 
formation losses. \ 

The portion of the amplifier’s output acrofij 
R4 is connected back to the signal source, ReJ 
We can look at the negative feedback voltage M 
a balancing voltage supply. When Rel products 
a signal to the amplifier, the feedback volta^ 
whose amplitude is proportional to the signs] 
voltage is sent back to balance it. Thus the sign 
from Rel “sees” the impedance of the amplifW 
input circuit plus the impedance of a relatl 
but separate source of supply in the feedbaS 
circuit. Therefore, practically no current 1 
drawn from Rel and the signal voltage is con 
stant and regulated The load current for Re2 3 
drawn from the amplifier and not from the sigril 
generator Rel. \ 
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Figure 9-29. — Isolation amplifier circuit. 


PHASE COMPENSATOR CIRCUIT. —We can 
ontrol the phase shift in the amplifier by circuit 
lesign. But what of the phase shift caused by the 
nductive load in Re2? The inductive reactance of 
lie coil will cause the load current to lag its 
bltage by almost 90 degrees (fig. 9-29). The 
fesistance of R5 is small compared to the in¬ 
active reactance of the coil. The voltage across 
fc is developed by the load current and therefore 
8 in phase with the current and lags the load 
bltage by almost 90 degrees. The R5 voltage is 
‘ measure of the phase shift caused by the load 
bactance and is used as a feedback voltage. 

The feedback voltage is combined with the 
iput to the amplifier at Ti. This feedback, since 
: lags approximately 90 degrees, is often re¬ 
ared to as quadrature feedback; it shifts the 
Uase of the input signal just enough to cancel 
le phase shift in the Re2 coil. Thus, the com- 
bnsator network maintains the Re2 input at the 
bne phase as the Rei output. 

1 ELECTRON TUBE ISOLATION AMPLIFIER.— 
feure 9-30 shows a representative electron 
Sfe isolation amplifier. There are two voltage 
Irplification stages, using triodes Vi and V3, 
id a push-pull output stage using triodes V5 and 
fr. Phase inversion for the push-pull stage is 
fcained by using a portion of the output of V5 

the input grid signal to V7. In this way the 
Hd inputs to V5 and V7 are 180 degrees out of 
lase with each other. 


Several RC networks are used to attenuate 
high-frequency harmonics. They are the R47-C7 
network across the output of Vl, the R27-C19 
network in parallel with the primary of output 
transformer T3, and the R33-C21 combination 
across the secondary of T3. The R23-C15 net¬ 
work which connects the output of V5 to the 
cathode of V3 provides high-frequency attentu- 
ation through degenerative feedback. The R11-C9 
network connecting the output of Vl to the grid 
of V3 shifts the phase of any existing low- 
frequency harmonics to prevent oscillations. 

Fixed bias for the first two stages is pro¬ 
vided by the voltage dividers in the cathode 
circuits, R5-R45 for Vl, and R15-R17 for V3. 
The bias of V5 and V7 is provided by the common 
cathode resistor R29. The bias is determined by 
the amount of current flow through both tubes. 


COMPARISON OF A. C. AND D. C. SERVOS 


Generally speaking a.c. and d.c. servos are 
similar. They both meet the basic requirements 
of a fire control servo and have essentially the 
same components. The type of servo used is 
determined by the requirements of the load. 
Heavy loads with a wide speed range, such as, 
directors and radar antennas, are controlled 
primarily by d.c. servos. Light loads with a 
fairly constant speed requirement are normally 
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controlled by a.c. servos. The characteristics 
of a.c. and d.c. servomechanisms will tell us why 
this is so. 

AC SERVOMOTORS 


Large a.c. motors are too inefficient for 
servo use. To obtain the desired torque-speed 
output curve the motor becomes too large, draws 
excessive power, and is difficult to cool. Hence 
a.c. servos in fire control equipment are used 
primarily to control light loads which require 
low power. Most of the a.c. servomotors are of 
the two-phase or split-phase induction type. Fun¬ 
damentally, these motors are constant-speed de¬ 
vices, although their speed can be varied within 
limits by varying the amplitude of the voltage 
to one of the motor’s stator windings. 

The voltages to the stator windings of a two- 
phase motor should be exactly 90 electrical 
degrees apart. The 90° phase relationship can 
be established by shifting the phase of the volt¬ 
age to either of the stator windings. Any phase 
shift that changes the 90° relationship will re¬ 
duce the motor’s efficiency. The direction of 
rotation of the motor can be changed by revers¬ 
ing the phase relationship between the stator 
windings. 


DC SERVOMOTORS 


The control characteristics of d.c. sei 
motors are superior to those of a.c. servomotoi 
The d.c. servomotor can control heavy loads 
variable speeds. Most of the d.c. servomotoi 
found in fire control equipment are either the 
permanent magnet type which are used for light 
loads, or the shunt field type which are used ft 
heavy loads. The operational characteristics 
these motors are covered in Basic Electrioi t 
NavEdTra 10086-B. When they are used 
servos, the strength of the motor’s field which, 
supplied by the magnet or shunt field is held 
stant. The direction and the speed of the motoi 
rotation is determined by the armature current* 
which is supplied by the servoamplifier. An ii 
crease in armature current will increase 
motor’s speed. A reversal of the motor’s ai 
ture current will change the motor’s direct 
of rotation. 

A disadvantage of d.c. servoamplifiers. 
their tendency to drift. Drift is the low frequej 
variation of the output voltage with no ch* 
the input. Drift is usually caused by changes' 
power supply voltages or by the change of oo^j 
ponent values due to temperature variatft 
aging effects, and humidity. Drift in d.c. sei 
amplifiers can be overcome by circuit desl 
Frequently, however, an a.c. Amplifier is 
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id the output is demodulated. As a result, in 
>me servos you may find modulation and de- 
odulation stages which, on the surface at least, 
sem purposeless. 


OPERATIONAL ACCURACY 

A servo should drive rapidly toward the 
red correspondence point of a steady state of 
atic signal. It should synchronize with a mini- 
lm of motion in the shortest time. Once 
nchronized, the servo should hold its position 
jidly at the correspondence point. Where the 
put order signal is continuously changing posi- 
•n, the servo must drive to the correspondence 
int in the same manner as with a fixed signal, 
ice in correspondence, the servo must drive 
the same rate as the input order signal. 

In a position control servo, the rate of 
>vement is established by the rate of displace- 
jnt. Hence there is a definite lag between the 
der signal position and the output position. 

The accuracy of a servo is determined by its 
ility to measure and produce an error signal 
i to amplify the error signal to a level which 
[1 move the load to eliminate the error. Hence 
s overall accuracy of a servo is determined by 
> accuracy of its components and their input 
;a. 

The error detector receives and compares 
i ordered position and the actual position of 
i servo’s output. Any error in the input data 
naturally reduce the accuracy of the error 
sector’s output. The accuracy of the error de- 
tor is determined by the amount of difference 
ween its inputs that is necessary to produce 
Sable error signal. 

The gain of the servoamplifier determines 
9 large the error signal must be before 
plifier output is sufficient to drive the error 
fucer. The higher the gain, the more sensi- 
3 the amplifier and the more accurate the 
"vo. The efficiency of the error reducer 
fermines how large the control current must 
before it will drive. 

The accuracy of the data, error detector, 
ifroamplifier, and error reducer determines 
^static error or dead space of the servo. The 
he error is the angular displacement between 
input and output of the servo under static 


conditions, (synchronized to a fixed order sig¬ 
nal). The static error under load is the angular 
lag between the input and output of the servo 
when the input signal is moving at a constant 
velocity. The static errors are sometimes called 
steady state errors. 

We have taken a negative approach to ac¬ 
curacy to show that servos have inherent sources 
of errors. Because of the errors, the term 
“null voltage” is used rather than “zero volt¬ 
age,” when the servo is synchronized. But do 
not get the false impression of large errors; the 
accumulative error in fire control servos is 
small. Multiple-speed data transmission sys¬ 
tems are used to increase the accuracy of 
servos. Multiple-speed synchro systems are 
covered in chapter 11 of this text. Servos have 
high gain amplifiers to increase accuracy. 

GAIN, PHASE, AND 
BALANCE ADJUSTMENTS 


In many servosystems the gain of the ampli¬ 
fier can be varied by an adjustment. The gain 
adjustment governs the amplitude or amount of 
the signal voltage applied to the amplifier or one 
of its stages. Normally, the highest gain pos¬ 
sible, with the servosystem possessing a satis¬ 
factory degree of stability, is the most desirable. 

In a.c. servosystems another adjustment 
which can control the sensitivity of the system 
is the phase adjustment. The phase adjustment 
is used to shift the phase relationship between 
the signal voltage and a reference voltage. In an 
amplifier with phase shift control the grid signal 
is shifted in phase with reference to the plate 
voltage of a tube. The tube’s firing point is de¬ 
layed or advanced depending upon the phase shift 
of the grid signal. The phase shift can vary the 
firing time of the tube over the plate’s entire 
positive alternation. 

A phase control is included in some servo¬ 
systems using a.c. motors. The two windings of 
the a.c. servomotor should be energized by a-c 
voltages that are 90° apart. This phase adjust¬ 
ment is included in the system to compensate for 
any phase shift in the amplifier circuit. The ad¬ 
justment may be located in the control amplifier, 
or, in the case of a split-phase motor, it may be 
in the uncontrolled winding. 

Servosystems using push-pull amplifiers must 
be balanced so that when there is no signal 
input to the amplifier, its output will be zero, 
and the servomotor will stand still with no creep. 
The push-pull amplifier must ensure equal torque 
in both directions of the servomotor. 
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Gain, phase, and balance adjustments are 
often present in one amplifier. These adjust¬ 
ments tend to interact, so that when one of them 
is changed it may affect the others. Therefore, 
after making any one adjustment it is a good 
practice to check the other adjustments. 

RESPONSE TIME 


This condition is called “hunting”, and is a 
characteristic which must be corrected in all 
servos. Obviously, hunting reduces the smooth¬ 
ness of the servo’s followup action and increases 
its synchronization time. To overcome hunting, 
the servo must anticipate the load’s inertia and 
its position with respect to the correspondence 
point. 


Fire control requires a servosystem to op¬ 
erate smoothly, rapidly, and with as few errors 
as possible. To obtain these operational char¬ 
acteristics, one quality is counterbalanced against 
the other. To increase the rapidity of response 
of the system to a signal, the gain is increased. 
This also tends to reduce error in the system. 
But a high gain or “tight” servo has a tendency 
to overshoot and oscillate, or, in other words, 
to be unstable. Response or synchronization 
time is the time the servo requires to settle 
down in synchronization to an order signal. 

“HUNTING” 

A servo will drive its load to the corre¬ 
spondence position. The servo’s error signal 
and output torque are zero at correspondence, 
but due to the load’s inertia it will continue to 
move. As the correspondence point is passed, 
the error signal tends to reverse the direction 
of movement. But a short time is needed to 
stop the load; and, during this time, the load 
will continue to move away from correspondence. 
When it does stop, the error signal will drive 
the load back towards correspondence. At cor¬ 
respondence the load has again acquired suf¬ 
ficient inertia to drive on past. The result is a 
series of overtravels of the correspondence 
point (fig. 9-31). 



12.290 

Figure 9-31. — Overtravels of the correspon¬ 
dence point. 


When a servo is hunting, its oscillations 
about the correspondence are of a low frequency 
A servo with a high gain amplifer has a ten¬ 
dency to oscillate at a high frequency with a low 
amplitude. The high frequency oscillations are 
started by some type of disturbance or variation 
such as random noise in the electrical section 
of the servo or lost motion in the mechanical 
section. Once the oscillations are started, the 
high gain of the amplifier tends to assist them 
while the inertia of the load continues to rein¬ 
troduce the error caused by the oscillation. 

STABILIZATION 


To obtain smoothness of operation, the sys¬ 
tem’s gain is damped. Damping can be obtained 
by either introducing a voltage in opposition tQ 
the signal voltage or placing a physical restrain 
on the servo output. The function of damping^ 
to reduce the amplitude and duration Qf ttif 
oscillations that may exist in the system. Evei^j 
system has one or more natural oscillatroj 
frequencies which depend on the weight of tfil 
load, designed speed, and other characteristic^ 


DEGREE OF DAMPING 


The degree of damping is determined by tfij 
required operating characteristics of the servoi 
system. If the system is OVERDAMPED, it 
not oscillate about the correspondence 
However, due to the large amount of restr* 
placed on the servo, it will have a comparatii 
large dead-space or steady-state error, 
overdamped servo will also take an excess!! 
long time to synchronize (fig. 9-32). 


On the other hand, the UNDERDAM] 
servosystem will have instant response to 
error signal. But it will have erratic operat 
due to the low amount of restraining force pi* 
on the servo, and will oscillate about the 
of synchronism. Somewhere between these 
extremes, we can obtain adequate accuracy ax 
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Figure 9-32. —Degree of damping. 


smoothness plus a moderately short synchroni¬ 
zing time. 


in an attempt to continue at the same speed. 
Thus the flywheel will cause a large first over¬ 
travel. The servosystem, to correct for this 
overtravel, reverses the direction of the motor. 
Once again the flywheel resists the motor move¬ 
ment and absorbs energy from the system. This 
drastically reduces the second overtravel and all 
subsequent overtravels of the motor. This effect 
dampens the oscillations about the point of cor¬ 
respondence and reduces the servosystem’s syn¬ 
chronizing time. 

The motor rotation is transmitted to the fly¬ 
wheel through the friction clutch. The inertia of 
the flywheel is an additional load on the motor. 
The friction clutch will slip with any rapid 
change of direction or speed. This slipping 
effectively disconnects the flywheel instantane¬ 
ously, and thus governs the amount of power the 
flywheel will draw from the motor. 


TYPES OF DAMPING 


Viscous Damping 

The simplest form of damping is viscous 
damping. This is the application of friction to 
the output shaft or load that is proportional to 
the output velocity. The amount of friction ap¬ 
plied to the system is critical, and will mate¬ 
rially affect the results of the system. The 
application of friction absorbs power from the 
^motor, and this power is dissipated in the form 
of heat. 

A pure viscous damper would absorb an ex¬ 
cessive amount of power from the system. 
^However, a system having some of the char¬ 
acteristics of a viscous damper, but with some¬ 
what less power loss, is used in actual practice. 
The first damper of this type to be discussed 
utilizes a friction clutch to couple a weighted 
flywheel to the output drive shaft. A flywheel 
has the property of inertia. 


FRICTION CLUTCH.— As the servomotor 
tates, the clutch will couple a definite amount 
this motion to the flywheel. The flywheel will 
adually overcome its inertia and gain speed 
ttil it approaches the velocity of the motor, 
e flywheel in turning absorbs energy (power) 
m the servomotor. The amount of energy 
stored in the flywheel is determined by its 
velocity. Because of inertia, the flywheel will 
Resist any attempt to change its velocity. 

As the point of correspondence is neared and 
.e error signal is reduced, the motor starts 
slow down. The flywheel immediately re- 
ases some of its energy into the output shaft 


MAGNETIC CLUTCH. —Another type of 
viscous damper is the MAGNETIC or EDDY 
CURRENT damper. The magnetic damper is 
functionally similar to the friction clutch damper. 
The principal difference between the two is in 
the method of coupling the flywheel (inertia weight) 
to the servomotor output shaft. In the magnetic 
damper, the shaft and flywheel are coupled by 
a magnetic field, rather than a frictional con¬ 
tact. The coupling is made by the interaction 
of a magnetic field generated by a permanent 
magnet which rotates with the rotor of the 
servomotor and the induced eddy current in the 
flywheel. 

The effect of viscous damping is shown in 
figure 9-33. The solid line shows the action of 
the load without damping. The time required to 


NEW 

POSITION 


OLD 

POSITION 



Figure 9-33. —Effect of friction damper. 
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reach a steady-state condition should be noted. 
This time is greatly reduced with damping, 
although the initial overshoot is increased. Vis¬ 
cous dampers effectively reduce transient oscil¬ 
lations, but they also produce an undesirable 
steady-state error (velocity lag or position er¬ 
ror). Since the friction damper absorbs power 
from the system, its use is normally limited to 
small servomechanisms. 

Error-Rate Damping 

Since no physical device can respond in¬ 
stantaneously to a sudden force, there is a time 
lag between the signal input of a servosystem 
and its output response. To reduce this time 
lag, amplification is increased. We know that 
this also accentuates the tendency of the system 
toward instability. Viscous dampers act as part 
of the servo load, so they are not the answers 
to reducing the response lag. The answer lies in 
increased amplification with error-rate damp¬ 
ing. 

Error-rate damping consists of introducing a 
voltage that is proportional to the rate of change 
of the error signal. This voltage is combined with 
the error signal in the proper ratio to obtain 
optimum servo operation with negligible over¬ 
shooting and oscillations. 

The advantages of error-rate damping are: 

1. Maximum damping occurs when a maxi¬ 
mum rate of change of error signal is present. 
This normally would occur when the servo load 
reverses direction. Obviously, this is when 
maximum damping action is required. 

2. Since a CHANGE in the signal causes 
damping, there is a minimum amount of damping 
when no signal, or a signal of constant strength, 
is present. This means small steady-state er¬ 
rors. 

Error-rate voltages are generated by either 
electromechanical devices or electrical net¬ 
works in fire control equipment. An electro¬ 
mechanical device widely used to generate an 
error-rate voltage is the tachometer generator. 
The tach is mechanically coupled to, and rotates 
with, the servo’s output shaft. Its output voltage 
is proportional to the output velocity of the servo. 
Since the voltage output is proportional to load 
velocity it is also proportional to the inertia of 
the load due to its velocity. Hence the output 
voltage can be fed back to the amplifier to indi¬ 
cate the load’s velocity and therefore its inertia. 



ELECTRICAL ERROR-RATE VOLTAGE 
NETWORKS. — Electrical networks used for 
error-rate damping consist of a combination of 
resistors and capacitors forming an RC dif¬ 
ferentiating network. From your study of basifc 
electricity, you know that a differentiating cirr 
cuit produces an output voltage that is pro-* 
portional to the rate of change of the inpdt 
voltage. In an RC circuit, if the voltage across 
the resistor is used as the output, it is referred 
to as a DIFFERENTIATOR (fig. 9-34), and if the 
voltage across the capacitor is the output, it 
is referred to as an INTEGRATOR (fig. 9-35). 

Servos used in fire control equipment are 
required to follow an input signal which is some¬ 
times changing at a constant rate and sometimes 
at a variable rate. A director’s train power 
drive is an example of a servo whose inpdt 
signal may be fixed, changing at a constant rate, 
or at a variable rate. When the director is 
tracking a target on a steady course and speed, 
the train rate may be constant. However, if the 
target changes course or speed the direct^ 
train drive may require a sudden acceleration 
It can be seen that this servo must adapt itself 
to a variety of signal types, and respond to them 
with substantially zero error. 

Let’s use the integrator circuit shown' in 
figure 9-35 or, as it is sometimes called, an 
integral control —to explain error- rate damping. 
The integral control circuit is shown in' ite 
simplest form. It is made up of a combination 
of two resistors and a capacitor. Notice thlt 

f ' r 



: 

Figure 9-35.—Integrator used as an integral' 
stabilization network. 
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the network is in series with the error detector 
and the amplifier. The circuit is designed for 
d-c signals; if the error detector puts out an 
a-c signal, it must be demodulated before it 
enterB the network. The signal is dropped across 
R 2 and the Ri, C^ leg of the network. The Rj, 
Ci leg is in parallel with the amplifier's input 
circuit. Therefore, only that portion of the 
signal developed across the R^, Cj leg is fed 
into the amplifier. R 2 is in series with the leg 
and is larger than R 1# Briefly, here is how the 
circuit works. 

Assume that the error signal is steady or 
changing slowly. Initially, all of the constant 
error voltage is divided between Rj and R 2 . 
But the longer the error voltage is applied, the 
more Cj charges up. The increasing voltage 
drop across Cj adds to the drop across R^, 
Since these two components are in parallel with 
the amplifier, their combined voltages will ap¬ 
pear at the input terminals of the amplifer. 
In effect, the servo will overcorrect the error 
Bignal and the output shaft will catch up with the 
input signal. As the drive increases its velocity 
It will reduce the error signal. The capacitor 
Ci will start to discharge and oppose the reduc¬ 
tion. The damping action of the capacitor's 
charging and discharging voltages, which oppose 
he changes in the error signal, we assist the 
Jervo to settle down quickly at the new velocity. 

The discussion of an integral control is by 
K) means complete. There are many types of 
1C circuits and many different applications of 
heir use for error-rate damping in servos. 
Ihe discussion does cover the fundamental op¬ 
eration of an electrical RC network which can 
erovide error-rate damping. 

FREQUENCY RESPONSE 

At first, we considered the order as being 
uddenly put at a fixed value. Later, we studied 
he case where the order slowly increased in 
Blue, where it was constantly moving. Actually, 
he order to a servo may accelerate, start, 
top, or oscillate about a fixed point. We will 
ow consider actions of a servo while the order 
scillates. When the order is constant, oscil- 
itions of the load are undesirable. When the 
rder oscillates, the load must oscillate in a 
imilar manner. 

leaning Of Frequency Response 

The frequency response of a servo depends 
pon the range of frequencies over which the 


order may oscillate, and still produce similar 
oscillations in the load. 

Assume that an oscillating order is put 
into a servo. The load may behave in several 
ways. Ideally, it would oscillate at the same 
frequency, amplitude, and phase as the order. 
Actually, the amplitude and phase of the load 
are different from those of the order, figure 
9-36. The frequency is usually the same as 
that of the order. 

A servo may follow the order in amplitude, 
and differ in phase, it may follow the order in 
phase and differ in amplitude, or it may differ 
in both phase and amplitude. 

Effect Of Gain And Damping 
On Frequency Response 

The higher the frequency of the order, the 
more difficult it is for a servo to accurately 
follow it. Damping and gain affect frequency 
response similarly to the way they affect lag. 
High gain, and low damping, will improve the 
frequency response. 

Frequency response is a good way of judg¬ 
ing servo performance, because good frequency 
response involves a balance of damping and gain, 
so that maximum stability and least lag are at¬ 
tained. If a servo responds accurately to a 
wide range of frequencies, it ha6 a correct 
balance between damping and gain. 

Assume that a high frequency order is be¬ 
ing put into the servo. If the servo has high 
gain, and low damping, the rapidly increasing 
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Figure 9-36, —Frequency response. 
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error at the beginning of the ordered motion 
will cause the load to leap to a response, and 
catch up to the order. However, when the order 
reverses direction, low damping and high gain 
will cause the load to overshoot, as shown in 
figure 9-37. 



If the servo has low gain, and high damp¬ 
ing, the load will move slowly while the order 
is changing rapidly, causing a large lag. How¬ 
ever, when the order changes direction, the low 
gain will cause little overshoot, as shown in 
figure 9-38. 



167.783 

Figure 9-37, —High gain-low damping. 


167.784 

Figure 9-38, —Low gain-high damping. 
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CHAPTER 10 


PRINCIPLES OF GYROS 


INTRODUCTION 

The purpose of this chapter is to provide 
you with basic information on gyroscopic prin¬ 
ciples and the applications of gyroscopes in fire 
control equipment. Emphasis has been placed on 
basic fundamentals and functions of gyroscopes, 
rather than on details of construction, repair, 
and maintenance. 

The gyroscope, commonly called a gyro, has 
existed ever since the first electron was sent 
spinning on its axis. Yes, electrons spin and show 
all the characteristics of a gyroscope. And so 
does the earth, which spins about its polar axis 
at high speed. It is interesting to note that any 
point on the equator travels at a speed of over 
1000 miles per hour, which is about three times 
as fast as the gyros you are going to work with. 

After completing this chapter, you will have 
an understanding of gyroscopes and how they can 
be used. For instance, you’ll know how gyro is 
utilized to establish the local horizontal plane 
which is a reference plane for the fire control 
problem that you studied in chapter 3. You will 
acquire knowledge of gyro applications in auto¬ 
matic radar tracking systems, and learnhowthey 
are used to determine rates of movement. Finally, 
you will see how gyro-developed signals are used 
to control the flight attitude of a missile in flight. 

WHAT IS A GYROSCOPE? 

Any rapidly spinning object —a top, wheel, an 
airplane propeller, or a spinning projectile — is 
fundamentally a gyroscope. Strictly speaking, 
lowever, a gyroscope may be defined as a 
mechanical device containing a spinning mass 
which is universally mounted, that is, mounted so 
it can assume any position in 6pace. Figure 10-1 
shows a model of a gyro. As you can see, a 
leavy wheel is mounted so that its spin axis is 
free to turn in any direction. The wheel can spin 
ibout axis x, it can turn about axis y, and finally 


turn about axis z. With this mechanical arrange¬ 
ment the spinning wheel can assume any position 
in space. Thus our model gyro meets the require¬ 
ments of the definition. 

HOW IT GOT ITS NAME 

The word gyroscope was first coined by the 
French scientist, Leon Foucault, in 1852. Fou¬ 
cault made his first gyroscope for the purpose 
of demonstrating the rotation of the earth. The 
word gyroscope is derived from the Greek words 
“gyro,” meaning revolution and “skopein,” 
meaning to view. Combined, the term means 
“to view the revolution of the world.” 

Although Foucault lived over one hundred 
years ago, there was at that time no completely 
satisfying demonstration of the theory that the 
earth was a rotating body. There were people 
who still clung to the idea that the earth stood 
still and the sun, moon, and stars moved around 
it. Foucault wanted to demonstrate the earth’s 
rotation by something on the earth itself. He 
mounted a wheel in a frame on very delicate 
bearings so that it could maintain its spinning 
axis in a fixed direction. He was able to show 
that the earth did revolve in relation to the fixed 
direction of his experimental gyroscope. Because 
his new instrument made the rotation of the 
earth visible, he combined the two Greek terms 
mentioned above and called the instrument a 
gyroscope. 

BASIC PROPERTIES 
OF GYROSCOPES 

Gyroscopes have two properties which make 
them useful in fire control: 

1 . The axis of rotation (spin axis) of the gyro 
wheel tends to remain in a fixed direction in 
space if no force is applied to it. 

2. The axis of rotation has a tendency to turn 
at a right angle to the direction of an applied 
force. 
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Figure 10-1. —Gyro model, universally mounted. 


The idea of maintaining a fixed direction in 
space is easy to show. When any object is spinning 
rapidly, it tends to keep its axis pointed always 
in the same direction. A toy top is a good example. 
As long as it’s spinning fast, it stays balanced 
on its point. Because of its gyro action, it resists 
the tendency of gravity to change the direction of 
its axis. You can think of many more examples. 
A bicycle is easier to balance at high speed than 
when it’s barely moving. At high speed, the bicycle 
wheels act as gyros, and tend to keep their axes 
parallel to the ground. 

(Note that it’s easy to MOVE the axis as long 
as you keep it pointing in the SAME DIRECTION. 
The gyro resists only those forces that tend to 
change the direction of its axis. In a bicycle, 
since the axis of rotation is horizontal, the wheels 
will resist any force that tends to tilt the axis, 
or turn it.) 

Any wheel that’s spinning fast will show gyro 
action. The heavier the wheel, and the faster it 
is spinning, the stronger the gyro action. You 
can make this action stronger by concentrating 
the weight of the wheel near its rim. 

If you can get hold of a gyroscope top, like 
the one in figure 10-2, you can do some instruc¬ 
tive experiments with it. Hold your gyro top with 
its axis vertical, as in figure 10-2, and start it 
spinning. As long as it is spinning fast, it will 



Figure 10-2. —A gyroscope top. 


4.98 


stay balanced. You can balance it on a string or 
on the end of your finger; the axis will stay 
vertical as long as the top is spinning fast. 

Now stop the gyro top and turn its axis 
horizontal. Start it spinning again and balance 
one end on a pivot, as in figure 10-3. What 
happens now? If the top is spinning fast, it won’t 
fall. Its axis will stay horizontal, resisting the 
tendency of gravity to change its direction. But 
while the gyro will resist the force that gravity 
applies to it, it will still RESPOND to that force. 
And it responds by moving its axis at a RIGHT 
ANGLE to the APPLIED force. 

Figure 10-4 is another view of the same gyro¬ 
scope. Its far end is still balanced on the pivot. 



4.99 

Figure 10-3.— Gyro top with axis horizontal. 
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Figure 10-4. —Gyro precession. 


Gravity is pulling down on the near end of the 
frame. If the gyro rotor is turning in the direc¬ 
tion shown by the arrow, then the near end of 
the frame will turn to the left. (If the rotor is 
turning in the opposite direction, the frame will 
turn to the right.) The axis will stay horizontal, 
but the gyroscope will respond to the force of 
gravity by rotating around the pivot. 

Gravity is a force that acts along parallel 
lines upon each particle of matter that makes 
up the gyro. Each force acts independently of 
all other forces, but force is a vector quantity 
having both a direction and a magnitude. There¬ 
fore, we can plot a resultant of the forces of 
gravity acting on the gyro. The magnitude of 
this single force is exactly equivalent to the 
separate parallel forces. Its point of application 
is called the center of gravity. In order to have 
a balanced gyro, the center of gravity must 
be located at the intersection of the three axes 
of the gyro. This must be true when the gyro is 
not spinning, for a static balance; and when it 
is spinning, for a dynamic balance. 

We can summarize gyro action like this: A 
spinning gyro tends to keep its axis pointing in 
the same direction. This is called rigidity. If 
you apply a force that tends to change the direc¬ 
tion of the spin axis, the axis will move at a right 
ingle to the direction of the force. If the axis is 
horizontal, and you try to TILT it, the axis will 
turn. If the axis is horizontal, and you try to 
turn it, the axis will tilt. This second charac¬ 
teristic of a gyro is called precession. 


BASIC GYRO ELEMENTS 

The gyro shown in figure 10-5 is a basic uni¬ 
versally mounted gyro. The components are: 
rotor, inner gimbal, outer gimbal, and base or 
support. The three major axes of any gyro are 
the spin, torque or servo, and precession. The 
spin axis is, of course, he axis on which the 
rotor spins. The torque or servo axis is the 
axis about which the disturbing force is applied. 
The precession or tilt axis is the axis the gyro 
turns about as a result of the force applied to 
the torque axis. 

The term gimbal may be defined as a device 
for permitting a body to incline freely in any 
direction and retain that position when the sup¬ 
port is tipped or repositioned. Note that in figure 
10-5 the support may be moved about all three 
axes without the rotor position being disturbed. 
Rigidity in space is clearly shown in fundamental 
form by this demonstration. 

WHERE GYROS ARE USED 

Gyros, because of their unique properties, 
are used in all fire control systems. A gyro is 
capable of measuring the angular displacement 
of its support mounting from its spin axis or 
reference plane. Because the spin axis of the 
gyro is fixed in space, the gyro can provide 
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Figure 10-5.—Basic universally mounted gyro. 
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stabilized reference planes from which the vari¬ 
ous angles, lines, and motions in the fire con¬ 
trol problem can be measured. In figure 10-6 
the gyro represents the stabilizing unit of a fire 
control system. The gyro, due to its rigidity, is 
unaffected by the ship’s roll and pitch. In a man¬ 
ner of speaking, the ship is rolling about the 
gyro. The gyro measures the angular displace¬ 
ment of the deck plane out of the horizontal plane. 
Corrective signals that are a measure of the dis¬ 
placement are generated to obtain a stabilized 
problem. 

In the days of wooden ships a simple pendu¬ 
lum was used to measure the ship’s motion with 
respect to the earth. The pendulum was sus¬ 
pended so that it was free to align itself with the 
earth’s gravitational pull. By watching the swing 
of the pendulum the gun battery could be fired 
at any desired point in the ship’s roll. Today, 
however, the gyro is used for stabilization. 
Later in this chapter we will discuss stabilizing 
units in more detail. 

A gyro can be used to determine the angular 
velocity of its support mounting about a refer¬ 
ence plane. Since a gyro will precess when acted 
on by an external force, we can use this property 
of a gyro to obtain angular velocity. For ex¬ 
ample, a special type of gyro can be mounted in 
a director so that the angular motion of the di¬ 
rector is a force acting on the gyro. The gyro 
will precess an amount directly proportional to 
the angular rate of the director’s motion. We 
will cover this type of gyro, the rate gyro, later 
in this chapter. 

Gyros have many applications in a variety 
of fields. We’ve already mentioned their use in 



12.139 

Figure 10-6. — A stable element establishes the 
vertical and horizontal planes. 


guided missiles. Their applications are not con¬ 
fined to ordnance equipment. The gyrocompass, 
submarines’ inertial navigation systems, and 
aircrafts’ autopilots and horizon indicators all 
use gyros. 

Gyroscopic properties are not always desir¬ 
able. Take, for example, an aircraft which has 
high speed rotating components. These com¬ 
ponents will exhibit gyroscopic rigidity; still 
an aircraft must be highly maneuverable. Hence 
the rotating components are installed so that 
their rigidity has the least effect on the aircraft 
maneuverability. 


RIGIDITY 

As you know, a gyroscope is a spinning body 
that tends to keep its spin axis rigidly pointed 
in a fixed direction in space. What do we mean 
by FIXED DIRECTION IN SPACE? A fixed direc¬ 
tion on earth is by no means fixed in space, be¬ 
cause the earth turns once on its axis every 24 
hours. It makes a complete revolution around 
the sun every year. And the sun itself is moving, 
taking the earth and the other planets with it. 
Because of these motions, the expression “fixed 
direction in space’* as used here is theoretical. 
If that were an exact statement, our universe 
would have to be unaccelerated and therefore 
nonrotating. But for all practical purposes we 
can say this: A line from the earth to a distant 
star is a fixed direction in space (fig. 10-7). If 
the spin axis of a spinning gyro is pointed at a 
distant star, it will remain on the star as long 
as no external torque is applied to the gyro. 

Any rapidly spinning body has the property of 
rigidity. A wheel spinning on its axis is in effect 
a gyro, and offers resistance to any attempt to tilt 
it from whatever position it has assumed in space. 

The gyro rotor is not rigid as we think of 
rigidity in terms of a building or a tree. It can 
be moved in several ways. That is to say, it can 
be moved freely from one place to another with 
the gyro offering little or no resistance so long 
as the movement is parallel to or perpendicular 
to the plane of the spin axis. This is called 
translation. In translation no attempt is made to 
change the spin axis. On the other hand, when we 
have a rotor spinning on an axis and we try to 
tilt it, it offers resistance, and this resistance is 
in proportion to the effective weight of the spinning 
body and the speed at which it is spinning. 
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Figure 10-7.—A gyro on the earth pointing in 
a fixed direction in space. 


Three factors determine a gyro’s rigidity, or 
the strength with which it resists any external 
force tending to displace its rotor spin axis. 
These factors are: Weight of its rotor, distribu¬ 
tion of this weight, and rotor speed. 

We can consider the gyro as an enclosed 
mechanical system. The energy in the system is 
equal to the input energy. Hence the torque 
necessary to spin the gyro rotor is contained in 
the rotor as angular momentum. Momentum is 
the energy in a body due to its velocity. The 
heavier the gyro rotor, the larger the torque 
necessary to spin it, and the greater the angular 
momentum of the rotor. If we have two rotors 
with identical shapes but of different weights 
spinning at the same velocity, the heavier of the 
two will be more rigid in its spin axis since it 
contains the greater angular momentum and, as 
will be explained next, the greater inertia. 

To understand the effect of weight distribu¬ 
tion in a rotor of a gyro, consider two rotors of 
the same weight, with the diameter of one, half 
that of the other. Now, when we spin both of 
these rotors at the same speed, we find that the 
rotor with the greater diameter is much more 
rigid than the one with the smaller diameter. 
Next we find that we can make both rotors equally 
rigid by causing the rotor with smaller diam¬ 
eter to spin faster than Che larger rotor. Thus 
rigidity is dependent upon both speed and dis¬ 
tribution of weight. The weight of the larger 


rotor being farther away from the axis of spin 
causes it to be more effective for rigidity. In 
physics it is said that the weight of the larger 
diameter rotor has the greater “moment of in¬ 
ertia.” What is moment of inertia? First, let’s 
consider inertia. 

INERTIA is a fundamental property of matter. 
Nothing in nature will start or stop moving by 
itself. Some external force must be applied to 
it first. For example, you have felt the tendency 
to fall backwards while standing in a bus which 
started suddenly. What happended was that your 
body tended to remain stationary but your feet 
were carried forward with the moving bus. From 
this experience you can come to the conclusion 
that when a body is at rest it will tend to remain 
at rest. After you regained your balance and 
your body started moving at the same speed and 
direction as the bus, everything was fine. Fine 
that is until the driver suddenly stopped the bus. 
Again you lost balance and tended to fall forward. 
In this case your body tried to continue in the 
direction in which the bus was traveling, but your 
feet were retarded by the stopping bus. From 
this experience we can conclude that a body in 
motion will tend to follow in the same straight 
line or direction unless acted upon by some ex¬ 
ternal force. The two experiences mentioned 
are examples of Sir Isaac Newton’s first law of 
motion which states: A body at rest remains 
at rest, and a body in motion continues to move 
at a constant speed along a straight line, unless 
the body is acted upon in either case by an un¬ 
balanced external force. Newton’s first law of 
motion applies equally well to rotating bodies. 
Consider for a moment the spinning rotor of a 
gyro. Every particle of matter in the gyro rotor 
is trying to move in a straight line; but the cir¬ 
cular structure of the wheel prevents this, and 
pulls them all into a circular path. The particles 
keep trying, nevertheless,to stay in as straight 
a line as possible. Consequently the rotor keeps 
rotating in the same plane unless acted upon by 
some outside force. If no external forces are 
present, the wheel will not move from its plane 
or rotation. Common sense tells us that if this 
is so, the spin axis must remain fixed. 

Moment of inertia is a measure of the tor¬ 
que needed to bring about a change in the motion 
of a rotating body. Moment is defined as the 
tendency of energy acting on a body to produce 
motion, while inertia is the tendency of a body 
to resist a change in motion. 

MOMENT OF INERTIA can be demonstrated 
with two weights —one heavy and the other light, 
a board, and a fulcrum, arranged in the manner 
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of a seesaw. To balance the two weights, we have 
to place the heavy weight near the center and the 
light weight near the end of the board. This 
makes the light weight more effective by being 
farther out from the fulcrum and having greater 
leverage. If we have two equal weights, we can 
make one outbalance the other by putting one 
farther out on the board. The same principle 
applies to two rotors of equal weight, the rotor 
having its weight distributed “farther out on the 
board” has the greater moment of inertia. Its 
weight is more effectively placed and makes the 
wheel more rigid in space. 

Now we can conclude that gyro resists any 
tilting force, and that the amount of resistance 
depends upon the weight, distribution of the 
weight, and the speed of the rotor. If we were 
to design a gyro for maximum resistance to an 
external force we would make it as heavy as 
possible, put as much weight as far as possible 
from the center of rotation, and spin the gyro 
wheel as fast as possible. As long as the gyro 
and gimbal bearings were frictionless and the 
center of gravity of the wheel was at the inter¬ 
section of the three major axes, no displacement 
of the support of our perfect gyro could change 
the position of its rotor in respect to space. This 
property of a gyro is variously called rigidity. 


rigidity in space, rigidity of plane of rotation, 
gyroscopic inertia, or stability, to name a few 
of the more common terms. All of these terms 
mean the same thing. 

PRECESSION 

A gyro is a true space device in regard to 
its ability to maintain its axis in a fixed direc¬ 
tion. To provide useful information its spin axis 
must be related to some reference, usually the 
earth’s surface. This is done by using the sec¬ 
ond fundamental property of a gyro — precession. 
The gyro is precessed until its spin axis is 
pointed in the desired direction. So far we 
have covered precession in very general terms. 

Let’s consider this action in more detail by 
relating it to a specific equipment which we’ll 
refer to as a basic stable element. As a FTM 
you will not come in contact with this particular 
stable element, for it is used in gun fire control 
systems. Due to its simplicity however, it lends 
itself to illustrating the factors which must be 
considered in stable element operation. Later 
in this chapter, we will discuss the Mk 16 stable 
element with which many of you will be involved. 

Precession can be shown very plainly by using 
the models shown in figure 10-8, which resemble 
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Figure 10-8. —Gyro action: A. Gimbal mounting; B. Precession. 
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the basic stable element gyro and its gimbal 
mounting. A gyro wheel (rotor) is mounted so 
that it is free to align its spin axis in any direc¬ 
tion. Here the wheel rotates in a flat loop called 
the gyro case (in some applications it is called 
the inner gimbal). The gyro case is pivoted in 
a ring—the gimbal ring —and the gyro can swing 
about the Z axis. The gimbal ring itself turns 
on pivots which connect it to the fork (support), 
permitting the gyro to tilt from side to side. 
This type of mounting is called a GIMBAL 
MOUNTING. Regardless of how the fork is 
placed, the spinning gyro wheel is free to lie in 
any given plane. That’s why it is called a free 
gyroscope in this mounting. 

To show the effect of precession, push down 
on the gimbal ring at point A at the nearer end 
of the z-z axis (fig. 10-8A). You would expect 
the ring to tilt around the y-y axis. 

But here’s the surprise — instead of rotating 
about the y-y axis as you might expect, the gyro 
case will turn about the z-z axis. You can see 
the effect of precession in figure 10-8B. 

Similarly, going back to figure 10-8A, suppose 
you push sideways on the top of the x-x axis (the 
spinning axle of the gyro), trying to rotate the 
wheel around the z-z axis. Then, instead of 
rotating about the z-z axis, the gimbal ring will 
turn around the y-y axis. 

If you push down at point C on the gimbal ring 
(fig. 10-8A), midway between the y-y and z-z axes, 
you will find that the gimbal ring rotates around 
the y-y axis, and that gyro case rotates around 
the z-z axis. The total effect causes the gyro 
wheel to turn around a line lying from point 
C through the center of the gyro wheel. 

Now for the next question: In which direc¬ 
tion will the gyro precess? There’s a simple 
rule that tells you. It depends on the direction 
of SPIN of the gyro and the direction of the ap¬ 
plied FORCE. 

Here’s a rule that applies to all spinning 
gyros: THE GYRO WILL ALWAYS PRECESS 
AT RIGHT ANGLES TO THE DIRECTION OF 
THE APPLIED FORCE. 

Look at figure 10-8A again. If you keep push¬ 
ing down on the gimbal ring at point A, the gyro 
case will keep turning until the axle of the gyro 
wheel is horizontal. Then there will be no fur¬ 
ther precession. At that point the gyro wheel 
is spinning in the same direction in which the 
applied force is pushing. 

Here’s another rule: A GYRO ALWAYS PRE- 
CESSES IN A DIRECTION TENDING TO LINE 
ITSELF UP SO THAT ITS ROTOR SPINS IN 
THE SAME DIRECTION THAT THE APPLIED 


FORCE IS TRYING TO TURN IT. In other words, 
the spin axis chases the torque axis. When the 
two come into coincidence, precession no longer 
takes place. 

Be sure you understand that most forces, 
when applied to the gyro mounting, do not cause 
precession. For instance, you can swing the 
fork around in any direction, and the motion will 
merely be taken up in the y-y and z-z axes. 
Similarly, a force applied lengthwise along one 
of the axes will have no effect. ONLY THOSE 
FORCES TENDING TO TILT THE GYRO WHEEL 
ITSELF WILL CAUSE PRECESSION. Thus you 
can see that if the base of the fork were attached 
to the deck of a ship, the gyro would have no 
tendency to precess as the ship rolled and 
pitched. 

Let’s consider further the important charac¬ 
teristic of gyroscopic precession, using another 
method to illustrate this fundamental property. 
As you know, the rigidity of a gyroscope may 
be increased by making the wheel heavier, by 
causing it to spin faster, or by constructing it so 
that a larger portion of its weight is concentrated 
near the circumference. As it is impossible to 
make bearings entirely free of friction, in most 
gyros friction is kept to a minimum, and the 
rotors are designed to have a great deal of rigid¬ 
ity. Whatever friction remains is small in com¬ 
parison to the great rigidity of the heavy, rapidly 
spinning rotor, in that its effect upon the opera¬ 
tion of the gyro is extremely slight. 

An operating gyro will resist a force which 
attempts to change the direction of its spin axis, 
but it will move in response to such a force or 
pressure. The movement is not a direct one in 
response to the force; it is a resultant move¬ 
ment. The gyro axis will be displaced, not in 
the direction of the applied force, but in a di¬ 
rection at right angles to the applied force, and 
in such a way as to tend to cause the direction 
of the rotation of the rotor to assume the direc¬ 
tion of the torque (rotational effect on a body, 
a twisting effect) resulting from the applied 
force. 

For a given force, the rate of precession is 
governed by the weight, shape, and speed of the 
wheel. These factors are the same as those that 
determine the rigidity of a gyroscope. There¬ 
fore, it is reasonable to assume that there is a 
relationship between the rigidity of a gyroscope 
and the rate at which a given force will cause it 
to precess. Such a relationship does exist. The 
greater the rigidity of the gyroscope, the more 
difficult it is to cause precession, and the less 
the precession for a given force will be. 
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Figure 10-9. — Force applied to a gyro. 


The direction of precession in response to 
an applied force depends upon the direction in 
which the rotor is spinning. The precession is 
in such a direction that the wheel turns, through 
the smaller distance, toward a position in which 
the force would be acting about the spinning axis, 
in the direction of the spin. 

The forces acting on a gyroscope may be 
represented graphically as acting on the rotor 
itself, spinning freely in space, with a plane con¬ 
taining each of the axes of freedom. 

For example, when a force is applied upward 
on the inner gimbal, as shown in figure 10-9, the 
force may be visualized as applied in an arc about 
axis y-y until it contacts the rim of the rotor 
as in figure 10-10A. The effect produced by 
the force is equivalent to that produced by a force 
applied upward to the inner gimbal. The force 
is opposed by the resistance of gyroscopic 
inertia, preventing the rotor from being dis¬ 
placed about axis y-y. With the rotor spinning 
clockwise, the precession will take place 90° 
ahead in the direction of rotation at P, as in fig¬ 
ure 10-10A. The rotor turns about axis z-z in 
the direction of the arrow at P, as in 
figure 10-10B. 

HAND RULES 

The motions of a gyroscope can be analyzed 
by three basic vector quantities: (1) Spin, the 
angular velocity of the gyro rotor, (2) Torque, 
the rotary motion applied to change the direction 




C 
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Figure 10-10.—Rules of precession: A. Direcr, 
tion of precession; B. Processional movement; 
C. Hand rule to determine direction of pre¬ 
cession. 


of the rotor axis, and (3) Precession, the re¬ 
sulting angular velocity of the rotor axis when 
torque is applied. \;'. t 

All three motions are rotary (angular), ana 
can be represented by vectors which point in su<g 
a direction that when looking in the direction*^ 
the vector the rotary motion is clockwise. ^ 
A convenient rule for determining the direQb 
tion of procession is by the use of the fing ers 
of the right hand. This method will not be raffi 
to you because you used a similar meansm 
demonstrate the motion of a conductor in a njaff 
netic field when you studied Basic Electricity^ 
NavPers 10086-B. 

The three vectors listed above may be ftim. 
resented by arranging the thumb, forefinger, 
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middle finger of the right hand mutually perpen¬ 
dicular as shown in figure 10-10C. The thumb 
points in the direction of the precession vector, 
the middle finger points in the direction of the 
torque vector, and the forefinger points in the 
direction of the spin vector. You can consider 
these vectors as the axes about which angular 
motion takes place. If you look in the direction 
of the pointed fingers and thumb you can visual¬ 
ize that all the rotary motions are clockwise as 
indicated in figure 10-10C. 

The three finger rule is useful for analyzing 
any gyroscope motion problem because if the 
directions of any two of the three vectors are 
known, the direction of the third vector can be 
found. Thus, the rotary motion around this vec¬ 
tor may be determined, for facing in this direc¬ 
tion the rotary motion is clockwise. 

Another hand rule determines the direction 
of the spin vector. Curve the fingers of the right 
hand in the direction in which the rotor is turning, 
as if you intended to grasp it. The thumb will 
point in the direction of the spin vector. A simi¬ 
lar rule will give you the direction of the torque 
vector. With the fingers of the right hand wrapped 
in the direction of the applied torque (the direc¬ 
tion the gyro would rotate if the rotor were 
not spinning) the thumb points in the direction 
of the torque vector. 

DEGREES OF FREEDOM 

A gyro can have two different degrees of 
freedom, depending upon the number of gimbals 
n which it is supported and the way the gimbals 
ire arranged. You must not confuse the term 
‘degrees of freedom” with an angular value such 
is degrees of a circle. The term as it is applied 
o gyros is an indication of the number of axes 
bout which the rotor is free to precess. 

A gyro mounted in two gimbals usually has 
! degrees of freedom. When two gimbals are 
^ployed it is said to be universally mounted. 
Ids arrangement provides two axes about which 

* rotor can precess. These two axes and the 
Pin axis intersect at the center of gravity of 
16 r °tor which is also the center of gravity of 

* ® ntire system (excluding the support). Thus 
» force of gravity does not exert a torque to 
Jj*®® Precession. The rotor, inner gimbal, and 

gimbal are all perfectly balanced about 
Iht 111166 Principal axes. Actually it is impos- 
6 to have absolute freedom about them be- 
rirvH GV6n mos t perfect bearings have some 
®~on. But friction can be reduced to such a 
"S’ 66 it is slight in comparison to other 
rs. The gyro is capable of assuming and 


maintaining any position in space. Consider a 
rubber ball in a bucket of water. Even though 
the ball is supported by the water, it is not re¬ 
stricted as to attitude by the water but can lie 
in any attitude. If such a gyro were mounted in 
a ship, director, or a guided missile, it would 
not be affected by any of their movements. It 
would float inside its mountings much as the 
rubber ball floats in a bucket of water. 

A gyro enclosed in one gimbal usually has 
one degree of freedom, freedom of movement 
back and forth at a right angle to the spin axis. 
You shown know something about the applica¬ 
tion of gyros in a guided missile, so let’s put 
one of these one-degree-of-freedom gyros in 
a missile and observe its operation. We will 
mount it so that its axis of spin is parallel to 
the axis of travel of the missile. It is mounted 
now much like the flywheel in an automobile. 
It is spinning, and we have mounted it so that 
it can swing right to left. We can say that it 
has one degree of freedom. If the missile should 
nose up or down, the gyro would be forced to 
move exactly as the missile does (translate) in 
these directions. However, if the missile should 
turn left or right, the gyro would not change its 
attitude since it has freedom of motion in these 
directions. The spin axis would be fixed in the 
original direction of missile flight. 

Sometimes you will read in OPs or hear 
about 3-degrees-of-freedom gyros. Don’t let 
this terminology confuse you. It results from 
counting the spin axis as a degree of freedom. 

EFFECT OF ROTATION 
OF THE EARTH 


A free gyro maintains its axis fixed in space, 
and not in relation to the earth’s surface. To 
understand this, imagine yourself in a space ship 
somewhere out in space and looking at the South 
Pole of the earth. You could see a sphere rotat¬ 
ing clockwise, with the South Pole in the center. 
Maneuver your ship until it is on a direct line 
with the South Pole and then cut in the automatic 
controls to keep it in this position. The sphere 
you see would make a complete rotation every 
24 hours. 

You could keep track of that rotation by driv¬ 
ing a big post into the Equator as shown in fig¬ 
ure 10-llA. If this post was upright at 1200, the 
earth’s rotation would carry it around so that it 
would be horizontal and pointing to the right 
at 1800. Likewise, the earth’s rotation would 
carry the post around so that at 2400 it would 
be upside down. Then, at 0600 the next day, the 
post would be horizontal and pointing left. Finally 
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SAME GYRO ON EQUATOR VIEWED FROM EARTH 
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Figure 10-11.—Fixed direction in space: A. Post on the Equator viewed from space; B. Gyro on 
Equator viewed from space; C. Gyro on Equator viewed from earth. 


at 1200 the next day the post would be back 
in its original position, having been carried, 
with the earth, through its complete rotation. 
Notice that the post has many positions as you 
observe it—because it is attached to the earth’s 
surface and does not have rigidity in space. 

If you put a gyroscope in place of the stake 
you would see a different action. Imagine, now, 


a gyroscope instead of a post mounted at 
Equator. The gyro is spinning and DOES 
RIGIDITY IN SPACE. Look at figure 10-11B, 
1200 the spinning axis is horizontal with ret 
to the earth’s surface. At 1800 the spinning 
is vertical with respect to the earth’s 
but the gyro is still spinning in the same 
as before, and the black end is pointing 
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from the earth’s surface. At 2400, the spinning 
axis is again horizontal. At 0600 the spinning 
axis is again vertical and the black end points 
toward the earth. Finally, at 1200 the next day, 
the gyro is in the same position as when you 
started. In fact, the gyro wheel spinning on its 
axis has not changed the direction in space of 
its plane of spin in being carried through the 
whole rotation of the earth. This is because the 
gyro is RIGID IN SPACE. 

You have just imagined observing the gyro 
from space. Now, let’s come back to earth and 
stand right next to the gyro. You can’t feel or 
see the earth’s rotation—but it’s rotating. Look 
at the gyro in figure 10-11C. From your view¬ 
point on earth, the spinning axis appears to make 
one complete rotation in one day. Actually, as 
you know, the gyro is rigid and both you and 
the earth are rotating. 

Refering back to figure 10-7, the illustra¬ 
tion of the gyro mounted on the earth’s equator 
shows that the gyro’s spin axis is parallel, not 
at right angles, to the earth’s north-south axis. 

The effect on a gyro of the earth’s rota¬ 
tion is sometimes called APPARENT DRIFT, 
APPARENT PRECESSION or APPARENT ROTA¬ 
TION. 

EFFECT OF MECHANICAL DRIFT 

The spin axis of a gyro is not always 
in the direction in which it theoretically should 
point. The direction depends upon its applica¬ 
tion. In the case of a stable element the axis 
of spin should be vertical. Looking at it another 
way, the rotor should spin in a horizontal plane. 

A directional error in a gyro is produced by 
random inaccuracies in the system caused by 
mechanical drift and the effect of the earth’s 
rotation (apparent drift). 

We shall see later on how it is corrected 
for in the basic stable element. First, let’s con¬ 
sider the causes of mechanical drift. 

• There are three general sources of mech- 
wical drift: 

1. Unbalance. A gyro often becomes dy¬ 
namically unbalanced when operated at a speed 
or temperature other than that for which it was 
designed. Remember that the slower the speed 
rf a gyro the easier it is to precess. The static 
2 fUance of the gyro may be upset because its 
Renter of gravity is not at the intersection of 

three major axes. Some unbalance of both 
grpes will exist in any gyro since manufacturing 
Urocesses cannot produce a perfectly balanced 
jyro. 


2. Bearing friction. Friction in the gimbal 
bearings results in loss of energy and incorrect 
gimbal positions. Friction in the rotor bearings 
causes mechanical drift only if the friction is not 
symmetrical. An even amount of friction all 
around in a rotor bearing results only in a change 
of the rate of rotation. 

3. Inertia of gimbals. Energy is lost when¬ 
ever a gimbal rotates because of the inertia of 
the gimbal. The greater the mass of the gimbal, 
the greater the drift from this source. 

The complete elimination of mechanical drift 
in gyros appears to be an impossibility. How¬ 
ever, by proper design it has been kept to a mini¬ 
mum. Any error which still exists can be cor¬ 
rected for. You may be wondering why an FT 
cares about design. The reason for listing some 
of the sources of drift was to impress upon you 
that a gyro does have sources of error built into 
it. Furthermore, when you work on a gyro don’t 
unintentionally increase these errors. An easy 
way to do this would be to allow dirt, a piece of 
solder, or other foreign matter to get into a 
gimbal bearing. Excessive lubrication is another 
source of error. 


KEEPING THE GYRO VERTICAL 


The simple 2-degrees-of-freedom gyroscope 
such as you studied in a previous section would, 
if set with its spinning axis vertical to the earth’s 
surface and parallel to the direction of gravity, 
become a direction-indicating device. Once set, 
it would continue to point in the vertical as long 
as no disturbing forces caused it to precessfrom 
this position. Given time it will precess from the 
vertical. The disturbing forces or torque caused 
by apparent and mechanical drift are always 
present. To find and maintain a vertical posi¬ 
tion, or any other position, a gyro-erection sys¬ 
tem is necessary. 

To make a gyroscope into a direction- 
indicating device and one which indicates ac¬ 
curately at all times, the following requirements 
must be met: 

1. Torques must be provided of the correct 
magnitude and direction to precess the gyro in 
such a manner that the spinning axis is brought 
to the desired direction after the rotor has been 
set spinning. 

2. Torques must be provided to precess the 
gyro back to the required position at the proper 
rate and direction so as to cancel the effects of 
apparent and mechanical drift. 


The torques required to produce the proper 
precession to convert the gyro into a direction- 
indicating device are provided by an erecting 
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system. Erection may be accomplished pneu¬ 
matically, mechanically, or electrically, de¬ 
pending on the type of power available, and is 
usually activated in response to the force of 
gravity. Specific erection systems are many 
and varied. We will discuss in detail the system 
used in the basic stable element. When used, 
erection is a continuous process. Remember, 
once the gyro has been set spinning in the de¬ 
sired direction, erection is necessary only when 
the time the gyro is in use is long enough for 
the earth’s rotation and mechanical drift to 
have effect. 

Go back to figure 10-8A again, and suppose 
the base of the fork is fastened to the rolling 
and pitching deck of a destroyer. A roll of the 
ship tilts the fork, so as to lower the nearest 
prong. This SHOULD have no effect on the gyro. 
The gyro case should rotate on the z-z axis, and 
the gyro should stay vertical. But suppose there 
is a little FRICTION in the z-z bearings. This 
will exert a slight DRAG on the gyro case, tend¬ 
ing to ROTATE the gyro about the z-z axis caus¬ 
ing the gyro to precess AWAY FROM THE 
VERTICAL, about the y-y axis. 
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Figure 10-12. — Mercury system on basic stable 
element. 

comes next. Notice that the tube connecting the 
two tanks is rather small. Therefore the mer¬ 
cury flows slowly. After the case it tilted, it 
takes nearly a second for the mercury to find 
its level. 


The bearings used in these instruments are 
nearly frictionless, but there is always enough 
friction to cause trouble. Over a period of time, 
these slight frictional forces will move the gyro 
a long way from the vertical. 

That means you need some corrective force 
which will bring the gyro back to the vertical 
when it wanders away. This force is provided 
by the gyro ERECTING SYSTEM. 

The most common type of erecting system 
consists of two tanks of mercury, fastened to 
opposite sides of the gyro case. The two pools 
of mercury are connected at the bottom by a 
small tube (fig. 10-12). An air tube connects 
the tops of the two tanks in order to prevent the 
formation of a vacuum. 

Figure 10-12 is a schematic view of the gyro 
case with the gyro tilted away from the vertical. 
Gravity causes the mercury to run from the high 
tank into the low tank. Therefore the low tank 
becomes HEAVIER than the high tank. This sets 
up a force which tries to tip the gyro farther. 
The gyro RESISTS this force and PRECESSES 
to one side — tilting the top of the gyro axle toward 
you. 

So far, not much has been accomplished to¬ 
ward getting the gyro back to the vertical. That 


At the same time, the fork is being rotated 
by a small motor about 18 times a minute. (Fig¬ 
ure 10-13 is a schematic diagram of the gimbal 
rotation system and mercury ballistic system.) 
Therefore, during the time that it takes for 
the mercury to flow into the low tank, the fork 
and the entire gimbal assembly has rotated 90 
degrees. As before, the weight of the mercury 
is trying to tip the gyro sideways, but this time 
90° away from the actual tilt. Thus, the gyro 
precesses back TOWARD THE VERTICAL. 


You will see this more clearly if you think 
about what happens during one rotation of the 
fork. The result is indicated in figure 10-14 in 
which you are looking straight down at the top. 
of the gyro case and the mercury tanks. Undex*4 
stand that this diagram is purely schematic;’ 
It is intended to give you an idea of the principle 
involved, not a complete picture of what happens 
to a gyro in actual operation. «*♦ 

Suppose that the gyro spin axis is sudde 
tilted toward the north at an instant when 
mercury tanks are lined up north and south (fig. 
10-14A). Mercury STARTS to flow into the north 
tank, but at first no precession occurs becatu& 
of the lag or time delay in the mercury flom| 

As the case rotates, the low tank is movl^st 
toward the east and is filling up with mercury? 
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Figure 10-13. — Gimbal rotation. 
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As the lower tank fills, the gyro begins to pre- 
cess faster and faster in a generally southeast¬ 
erly direction. By the time the low tank is FULL, 
it is headed east (fig. 10-14B) and the gyro is 
processing rapidly south. 

Continued rotation puts the loaded tank on the 
high side, and the mercury begins to flow out 
of it (fig. 10-14C). But the tank is still heavy 
and therefore the gyro precesses generally 
southwest (fig. 10-14D). By the time the tanks 
are again lined up north and south, the mercury 
in the two tanks has equalized (fig. 10-14E). The 
second tank is now the low tank. It begins to fill 
up, and the entire process repeats. 

You can see that the easterly and westerly 
processions tend to cancel. The net effect is a 
precession toward the south, bringing the gyro 
BACK TO THE VERTICAL. 

Thus, you can see that whenever the gyro is 
started, the mercury system will bring it quickly 
»the vertical. And at any time the gyro wanders 
>ff the vertical, the mercury system will bring 
tback. 

, If you were able to observe the starting of the 
Music stable element, you would notice that at first 
he gyro would precess rapidly towards the 
'ertical. But you would also notice that the erecting 
ystem may require as much as 10 minutes to 
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Figure 10-14.—Effect of rotating the fork. 


correct the last few minutes of error. This is 
because as the gyro comes nearer to the true 
vertical, less mercury flows from one tank to the 
other during a rotation of the gimbals. Con¬ 
sequently the precessional force is small and 
the rate of precession is very slow. In some gyro 
systems — the master gyro compass, for example 
— it may take as long as 24 hours for the gyro to 
finally settle down in its true position. 

Let’s review the main purposes of the gim- 
bal-erecting system of a stable element. First 
of all, it brings the gyro to the true vertical when 
the gyro is started. Second it compensates for 
the effect of friction and other irregularities in 
the gimbals which could cause the gyro to precess 
away from the vertical. 

There are several other types of erecting 
systems used with gyros. If you are in doubt 
about the mercury system, go back over the 
text, for it is the basic erecting system of modern 
fire control gyro stabilizers. 

Latitude Correction 


A few pages back we mentioned that there 
are two kinds of action which tend to pull a gyro 
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out of the vertical. One of these is the random 
effect of bearing friction and other similar ir¬ 
regularities. You have seen how a mercury 
erecting system overcomes this effect. 

In addition to these random actions, the 
ROTATION OF THE EARTH has a continuous 
effect on the gyro. Remember that gyroscopic 
stability (also called rigidity of plane) means that 
a gyro axle tries to maintain a fixed direction 
IN SPACE. But the earth, as it rotates toward 
the east, is rolling under the gyro. Therefore, 
to an observer standing on the earth, the gyro 
appears to keep tipping westward. Apparent 
rotation was described in an earlier article and 
effect was observed from a position over the 
South Pole. Let’s reverse our position and look 
at the effect of the earth’s rotation. 

This effect appears clearly in figure 10-15. 
The figure is a view of the earth as it would ap¬ 
pear if you were looking down on the North Pole. 
Imagine that a gyroscope has been erected on the 
Equator at Point A with its axis vertical (Per¬ 
pendicular to the surface of the earth), and that 
because the gyroscope has frictionless bearings 
and no erecting system you must rely on gyro¬ 
scopic stability to keep it vertical. After a few 
hours, the rotation of the earth will move point 
A to the position marked B. 

The gyro still heads in the same direction 
in SPACE, but it is no longer VERTICAL. Its 
axis is no longer perpendicular to the earth’s 
surface at that point. To anyone standing on the 
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Figure 10-15. —Apparent rotation at the equator. 


earth, it appears to be leaning to the west. After 
6 hours, when the earth has made a quarter turn, 
the gyro will be horizontal, as at C. After 12 
hours (at position D) it will have turned com¬ 
pletely over and will be upside down. And after 
24 hours, the gyro will have made a complete 
revolution. 

In other words, the gyro is tilting WE ST WARD 
at a rate of 15° per hour. 

The mercury-erecting system of the stable 
element won’t quite prevent all of this tilt. The 
gyro, therefore, must be made to precess EAST¬ 
WARD at 15° per hour. 

Now when the gyro is truly vertical, the 
mercury system causes no precession. The 
mercury affects the gyro only when the gyro is 
tilted. And so, if we were to rely on the mercury 
system to produce the required eastward pre¬ 
cession, the gyro would always lean slightly 
to the west. It would NEVER be truly vertical, 
as it should be for efficient fire control. An 
error would always persist, being maximum at 
the Equator, and gradually decreasing to zero 
at either pole. 


When a gyro is vertical, therefore, you cor¬ 
rect for the effect of the earth’s rotation at all 
times by applying to the gyro some force that will 
cause a steady eastward precession. This means 
that in dealing with Navy stable elements the 
top of the gyro axle must be pushed northward. 

This can be done by extending a small arm 
northward from the top of the axle, and by 
hanging a weight on the north end of the arm, 
as in figure 10-16. The weight will keep trying to 
tip the axle northward, and this will cause an 
eastward precession. 


Up to now, it’s been assumed that the gyro is 
located at the Equator. A little thought will show 
you that if the gyro were placed at the North or 
South Pole, the rotation of the earth would have 
no tendency to move it out of the vertical. The 
gyro’s axis is parallel to the earth’s axis. Ap¬ 
parent rotation is about the gyro’s spin axis and 
no effect will be observed. So you would expect 
that at points on the earth between the Equator 
and the Pole, the gyro would tilt westward at a 
speed LESS than 15° per hour. This is true, and 
figure 10-17 shows you why. If a gyro is set 
vertical at A, it will move to point B in 12 hours, 
and will tilt through an angle of 180° minus 2x 
latitude of A (instead of through 180° as it would 
be at the Equator). 

This means that the precessional force should 
be decreased in higher latitudes. You can slow 
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down the precession by moving the compensating 
weight inward on the arm, closer to the gyro axle. 
'The arm has markings on it to show you the cor¬ 
rect position of the weight for any latitude (fig. 
10-18). The weight is called the LATITUDE- 
CORRECTION WEIGHT. 

Figure 10-18 shows the appearance of the gy¬ 
roscope and its case. Notice, in the cutaway por¬ 
tion, that the GYRO WHEEL is the rotor of a 


3-phase a-c induction motor. The case forms 
the motor stator. This gyro-driving motor is 
operated by 70-volt 146-Hertz (Hz) a-c obtained 
from a special MOTOR GENERATOR set. The 
146-Hz current is used in order to permit high 
gyro speeds. The maximum speed which can be 
obtained from 60-Hz current with an induc¬ 
tion motor is only 3,600 RPM, but 146 Hz 
permits nearly 146 times 60, or 8,760 RPM. 

Different systems use different types of erect¬ 
ing systems. However, the mercury gimbal-erect- 
ing system is common. You will learn another 
type later in this chapter. But no matter what type 
of gyro-erecting system you encounter, its basic 
purpose will be the same. It helps the gyro to 
find and maintain a vertical position, which is used 
in developing roll and pitch signals for your 
fire control system. 

If you learn the basic gyro theory, the rest is 
easy. No matter how the gyro is used, it will 
always display the same familiar characteristics 
— RIGIDITY OF PLANE OF ROTATION, AND 
PRECESSION. 

The free gyro in the stable element maintains 
its spin axis vertical with respect to the earth, 
and not space. Gravity acting on the erecting 
system causes the gyro to precess so that the 
spin axis is always in the vertical plane. In other 
words, the gyro tracks the local vertical by using 
its property of precession. 
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Figure 10-17.—Effect of earth’s rotation at 
midlatitudes. 


DETERMINATION OF PITCH 
AND ROLL 

The fact that the ship rolls and pitches about 
a gyro has no value unless you can convert their 
relative position into a mechanical or electrical 
representation. Our basic stable element will 
accomplish this by means of an electromagnet and 
two figure-eight coils (fig. 10-19). 

On top of the gyro assembly is mounted an 
electromagnet which is energized by 115-V a.c. An 
umbrella which supports two sets of figure-eight 
coils, one for pitch and one for roll, is mounted 
on the pitch gimbal. 

When the ship is not moving, the magnet points 
directly at the intersection of the lines on the 
umbrella. The voltages induced in the two figure- 
eight coils are equal and opposite. The signal 
output is therefore zero. But if the ship is tilted, 
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Figure 10-18. — Gyro case of the stable element. 
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the gimbal assembly and fork roll around the gyro, 
and the magnet points at some other point on the 
umbrella. This produces an output signal voltage 
in the umbrella coils. This voltage is then 
amplified and fed to a set of electric followup 
motors (one for pitch and one for roll). The 
followup motors reposition the pitch and roll 
gimbals so that the center of the umbrella 
is again over the magnet (fig. 10-19), In reposition¬ 
ing the umbrella, the followup motors have driven 
out the pitch and roll angles at their shafts. 


STABLE ELEMENT MK 16 

LEVEL AND CROSSLEVEL 


The primary purpose of the Stable Element 
Mk 16 is to accurately measure the deviation of 
ship’s deck from the horizontal plane. These 
measurements can be made in relation to the 
vertical plane containing own ship’s centerline or 
the vertical plane containing the target line of 
sight (LOS). If measured in relation to the 
vertical plane containing own ship’s centerline, 
the angles are called roll (Zdo) and pitch 
(Eio). If measured in relation to the vertical 
plane containing the LOS, the angles are called 
crosslevel, (Zd) and level (Ei) (fig. 10-20). 


As in our basic stable element, the heart of the 
Mk 16 stable element is a gyro. The gyro will 
measure crosslevel and level angles if the 
gimbals are properly oriented with respect to 
LOS. This orientation is maintained by positi 
the gimbals through the director train 
(fig. 10-21). If the director is trained to a ze' 
degree train angle, the vertical plane con 
the LOS would also contain own ship’s centerlinS 
At this time, level would be a measure of ship’ 
pitch, and crosslevel would be a measure of ship’ 
roll. If the gyro gimbals are locked in this positio] 
the Mk 16 stable element will provide roll ap 
pitch signals, which is what we are interest^ 
in as FTMs. 

Since we are interested in roll and pitch, yo 
might by asking yourself, “Why all the emphasi 
on the level and crosslevel?” The answer lies 
in the fact that the equipment manuals for 
Mk 16 stable element might place heavy emp 
on level and crosslevel in their various expl 
tions of the equipment. You will not have 
problem if you remember that level corre 
to pitch and crosslevel corresponds to to . 
the director train gimbal of the Mk 16 
element is locked at zero degrees train. 


THE GYRO 


The gyro is mounted in a hermetically see 
housing (fig. 10-22). The housing is filled 
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Figure 10-19. —Pitch and roll signals. 


>lium — an inert, light-weight gas that does not 
Ratify. The gas serves to transfer heat generated 
[ the gyro to the surface of the housing. The 
fusing is held within a gimbal ring by a pair 
torsion wires. The gimbal in turn is held in a 
KJond housing, called the flotation tank, by a 
icond pair of torsion wires. The flotation tank 
filled with a liquid of sufficient density at 
b operating temperature to float the gyro 
using. Therefore, the housing is suspended in 
state of neutral bouyancy. Consequently, the 
fsion wires do not carry any load, but only 
it the position of the housing and the gimbal 
the tank. 
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Figure 10-20. — The level and crosslevel angles 
are measured in respect to the LOS in vertical 
planes indicated by the arrows. 


output voltage is proportional to the amount of 
tilt or, more exactly, to the angle between the 
spin axis of the gyro and the reference line of 
the flotation tank. The phase of the pickup coil 
output voltages depends on the direction of the tilt. 

We know the spin axis of the gyro must be 
aligned with the vertical. The flotation tank is 
mounted in a gimbal system. Once we know the 
gimbal system we can develop how the gyro is 
brought to the vertical and how output signals 
from the pickup coils are used. 


_ Two electromagnets are mounted on the gyro 
je (fig. 10-22). The position of the magnets is 
fermined by the gyro spin axis. Two crossed-E 
Snip coils are fixed inside the flotation tank 
foe to the magnets so that the magnets can 
pee voltages in the coils. The position of the 
Wflip coils is determined by the motions of the 
Ration tank. When the magnets (gyro spin axis) 
e centered on the pickup coils (top-to-bottom 
ference line of the flotation tank), the voltages 
iuced are equal and will cancel each other. When 
> coils are not centered on the magnets however, 
[.‘voltages induced in the coils do not cancel, 
S' there is an output. The amplitude of the 


GIMBAL SYSTEM 


In addition to the gimbal in the gyro housing 
there are five more gimbals: the azimuth, pitch, 
roll, director train, and a second roll gimbal used 
for alignment and test purposes. We will take them 
in order, starting with the innermost gimbal. 
The azimuth gimbal (fig. 10-23A) supports the 
sensitive element, two pendulums — called the 
run pendulums, own ship’s speed resolver, and 
own ship’s heading control transformer. 

The pitch gimbal (fig. 10-23B) carries the 
azimuth gimbal and pivots inside the roll gimbal. 
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NOTE: FOR CLARITY, 

GIMBAL RING IS SHOWN SQUARE 



The other components carried by the pitch 
gimbal are: the pitch servomotor and synchros, 
two rapid-settle pendulums, own ship’s speed 
servo, and a coordinate resolver. 


166.29 

Figure 10-22.—Phantom view of sensitive 
element. 


The roll gimbal (fig. 10-23C) pivots inside the 
director train gimbal. Besides the pitch gimbal 
it carries the roll servomotor and synchros. 

The director train gimbal (fig. 10-23D), which 
holds the three gimbals already mentioned, is 
supported in the binnacle or main housing by 
a large bearing. The bearing mounting is machined 
so that the plane in which the gimbal would move, 
if it were free to do so, is parallel to the ship’s 
reference plane. The fire control systems 
measure train in this plane and elevation with 
respect to it. The reference plane moves with 
the ship’s deck plane. 

The second roll gimbal is pivoted on the 
binnacle by its gimbal bearing so that the gimbal 
rotation axis lies along the fore-and-aft axis of 
own ship. The second roll gimbal is maintained 
in the vertical plane by the azimuth gimbal. 
Two spirit levels are mounted at right angles 
to each other on the second roll gimbal. The spirit 
levels measure the roll and pitch angles, which 
are used for testing and aligning the stable 
element. 

Now let’s see how this elaborate gimbal system 
works. To start with, the director train gimbal 


is locked on zero degrees so that the pitch and 
roll gimbal axes are aligned in and across own! 
ship’s centerline. Therefore, the movements 
the pitch and roll gimbals are positioned about 
their axes by the pitch and roll servos. The 
signals to the servos are taken from the gyro 
pickoff coils and the run pendulums. We will 
consider the signal circuits later. 


The pitch servo is nulled when the pita 
gimbal is positioned in the horizontal pi 
that is measured with respect to the verti< 
plane through own ship’s centerline. The 
servo is nulled when its gimbal axis ispositi< 
in a plane perpendicular to k the vertical pi 
through own ship’s centerline. Since the pit 
gimbal is supported by the roll gimbal, 
position of the pitch gimbal is measured 
respect to the roll gimbal or the vertical 
Therefore, the pitch gimbal is maintained 
true horizontal plane. The position of the? 
gimbal is measured with respect to the di] 
train gimbal, or more exactly, to the normal] 
perpendicular to the deck plane. 


As was brought out, the pitch giml 
maintained by its servo in the true horis 
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figure 10-23.—A. Azimuth giznbal; B. Pitch 
gimbal; C. Roll gimbal; D. Director train 
■ gimbal (locked on zero degrees). 


ilane. Since the pitch gimbal supports the azimuth 
gimbal, its axis, which is 90 degrees from the 
iltch axis, is pointed towards the true zenith 
!r vertical. In other words, the azimuth gimbal 
k stabilized by the pitch and roll gimbals, 
tnd it follows that the flotation tank is also 
labilized in the vertical plane. 


' The azimuth gimbal is positioned by own-ship 
fading servo. Therefore, the gyro pickup coils 
dd the run pendulums have a fixed position with 
Sspect to the N/S axis. This arrangement 
Knplifies the introduction of the correction to 
fonpensate for apparent tilt that is made to the 
Mmetically sealed gyro. But it requires coordi- 
Ite conversion of the signals that originate 
i the azimuth gimbal system and are used in 
le pitch and roll servos. The coordinate resolver 
l the pitch gimbal rotates the N/S and the E/W 
■gnals to proportional signals related to own 
lip’s centerline. 


ERECTING PROCESS 


When the stable element is started, the gyro 
spin axis is brought to the vertical plane by 
two sets of pendulums, the run pendulums and the 
rapid-settle pendulums. The run pendulums are 
mounted on the azimuth gimbal, arranged at right 
angles to each other, one along the N/S axis, 
and the other along the E/W axis. The rapid- 
settle pendulums are mounted at right angles to 
each other on the pitch gimbal. One pendulum 
is aligned along own ship’s centerline, the other 
across own ship’s centerline. 

Basically, the pendulums consist of a concen¬ 
trated mass, called a bob, supported by a flexible 
suspension strip (fig. 10-24). Pendulum construc¬ 
tion limits the motion of the bob to one plane. 
The bob can move along the axis supported by 
the flexible strip. Hence, if the pendulum mounting 
is tilted along the pendulum’s sensitive axis the 
bob will move. The amount of motion is determined 
by the unbalanced force, which is proportional to 
the degree of tilt of the mounting. The direction of 
the bob’s motion is determined by the direction 
of the tilt. 

Pendulum motion produces electrical signals 
proportional to the tilt of the gimbal. These signals 
are used to drive the pitch and roll gimbals 
until the signals are nulled. The run pendulum 
signals along the N/S and E/W axes are converted 
to the pitch and roll axes and then combined with 
the signals from the rapid-settle pendulums. The 
pitch and roll gimbals stabilize the azimuth 
gimbal in the vertical. Because the gyro tends 



Figure 10-24. —Main pendulum without case, 
simplified. 
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to remain fixed in space as the servomotors 
drive the gimbals, the torsion wires of the gyro 
suspension system become twisted and exert 
torque on the gyro. The gyro will precess at 
right angles to the applied torque and its spin 
axis will follow a spiral path to the vertical. 

The run pendulums are the vertical seeking 
devices of the stable element. When the gyro 
spin axis is in the vertical, only half of the output 
signal strength from the run pendulum is used. 
But during the stable element’s starting period the 
entire signal is used. The run pendulums are 
heavily damped to reduce the effects of ship’s 
maneuvers. Therefore, the rapid-settle pen¬ 
dulums, which are lightly damped, are used to 
help bring the gyro to the vertical rapidly. Once 
the gyro is settled in the vertical the rapid- 
settle pendulum circuits are deenergized and 
these signals are eliminated. 


RUN PENDULUM CIRCUIT 


Figure 10-25 shows a simplified cross-sec¬ 
tional view of a run pendulum. The inner and outer 
ferromagnetic sleeves and the windings are 


concentric. When the pendulum is tilted, only the 
sleeves move with the suspension strip. The 
sleeves form the core of the pickoff windings 
and pivot about them. 

Figure 10-26 shows a simplified signalcircui' 
of a pendulum. The core of the pickoff winding 
(terminals 5 and 6), is the pendulous ferromagnetlt 
sleeve. The two sections of the pickoff wind| 
are wound in opposite directions. The othei 
winding (terminals 1, 2, 3, and 4), is an auto 
transformer. The sections of the transformer an 
wound in the same direction. The two sections o 
the pickoff winding and terminals 1, 2, and 3 o 
the transformer are connected to form a bridgi 
circuit. A 12-volt excitation is applied ti 
terminals 2 and 4. Disregarding own-ship $ 
celeration effects and corrections, the bri<§ 
circuit develops no voltage output across theloa 
resistor when the azimuth gimbal is vertical 
because the run pendulum bob is vertical and th 
core is centered in the pickoff winding. 

When the azimuth gimbal is tilted, tt 
pendulum core moves, the bridge balance is dis 
turbed, and a voltage is developed across tj 
load resistor. When the core pivots off cents 
the reluctance in the section of the windingffl 

4 
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igure 10-26.— Pendulum bridge and force motor 
circuit, simplified schematic diagram. 


>6t some of its core will increase, and the 
oltage in that leg of the bridge circuit will 
Bcrease. At the same time the reluctance of the 
lekoff winding gaining core surface will decrease 
nd the voltage in that leg will increase. The 
lagnitude of the voltage depends upon the amount 
f core displacement from the center of the pick- 
£f winding. The phase of the voltage, with 
eference to the excitation voltage, is determined 
7 the direction of the core displacement. 

The output signal of the run pendulum bridge 
Ircuit is proportional to the tilt of the azimuth 
hnbal. There are two run pendulums, with 
tentical bridge circuits. The output signals are 
Blated to gimbal tilt in the N/S and E/W axes 
£ the earth. Thus these signals have common 
®s with the signals from the gyro pickoff coils. 
Ince the azimuth gimbal supports the flotation 
ink, both sets of signals are a measure of the 
It of the gimbal out of the vertical. Remember, 
® gyro spin axis is rigid; however, gyro pre- 
58 sion is 90 degrees away from the torque 
(plied by the torsion wires. Therefore, the N/S 
In pendulum signal is combined with the E/W 
fro pickup signal. Let’s look at this fact a little 
bser. 

The run pendulum signal is determined by 
fe force of gravity, but the pendulums are heavily 


damped. Obviously, their reaction to a tilt of the 
azimuth gimbal is relatively slow. On the other 
hand, if the azimuth gimbal, and therefore the 
flotation tank, is tilted, the pitch and roll servos 
will react instantly and reposition the azimuth 
gimbal back to the vertical. Therefore, the signals 
from the gyro pickup coils are the primary 
control to stabilize the azimuth gimbal when the 
ship’s deck is tilted. 


SHIP’S ACCELERATION CORRECTION 


When the ship is accelerated by either a 
course or speed change, inertia causes the bobs 
of the run pendulums to tend to lag behind their 
pivot points. The degree of lag is determined by 
the ship’s acceleration rate and direction of 
ship’s travel. If this is not counteracted, the 
pendulums are not a true vertical reference 
for the gyro during ship accelerations. 

Compensation for ship acceleration is made 
by using the run pendulum pickoff winding as a 
force motor to control the position of its pendulum 
sleeve. The winding forces the pendulum to a 
position where its vertical deviation is propor¬ 
tional to shipspeed along its sensitive axis. The 
signal voltages from the run pendulums due to 
this deviation are then cancelled by a bucking 
voltage that is equal and opposite to the signal 
voltage. However, if the azimuth gimbal tilts, 
the resulting signal will not be canceled by the 
bucking voltage and there will be an output. This 
is true even during ship acclerations. 

We will assume that the azimuth gimbal is 
vertical when the ship changes speed. A voltage 
that varies linearly with speed is applied to 
terminals A and C (fig. 10-26). This voltage 
upsets the balance in the bridge circuit. Since 
the two sections of the pickoff winding are wound 
in opposite directions while the autotransformer 
windings are wound in the same direction, the 
magnetic fields about the pickoff windings will 
change. With the polarities shown in the figure, the 
magnetic fields around winding d are additive 
while those around winding e are subtractive. The 
stronger magnetic field around winding d will 
attract the pendulum bob and it will move in that 
direction. 

If the excitation voltage and the speed voltage 
are out of phase, with point C negative and point B 
positive, the magnetic fields around windingeare 
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- Jditive and those around winding d are sub- 
. active. The pendulum bob would be attracted 
towards winding e. In either case, the pendulum 
bob is off center, the bridge circuit is out of 
balance, and an output voltage is developed across 
the load resistor. But the azimuth gimbal is 
/ortical and the output should be zero. To cancel 
the output, a voltage proportional to ship speed 
s applied to the bucking resistor. This voltage is 
scaled so that it is equal and opposite to the voltage 
on the load resistor. Consequently, although the 
pendulum bob is off center, there is no output 
from the bridge. 

The speed voltage input to the run pendulum 
must be proportional to ship speed along its 
sensitive axes. The run pendulum’s sensitive 
axes are along the N/S and E/W axes of the earth. 
However, shipspeed is measured along the fore- 
and-aft axis of own ship. Therefore, ship speed 
is resolved into its component parts along the 
N/S and E/W axes by a coordinate resolver. In 
this manner, ship course changes as well as speed 
changes are compensated for. 


LATITUDE CORRECTION 


BIAS CORRECTION 

The slight physical unbalances remaining in 
the gyro and gimbal systems will cause what we 
call mechanical drift. This will cause the gryo spin 
axis to take an offset with respect to the pickiq) 
coils. In other words, the unbalance will cause the 
gyro to precess and the flotation tank to follow. 
The pendulum outputs will increase and try to 
precess the gyro back to the vertical. At some 
point the wire twist caused by the pendulum 
outputs will counteract the precession caused by 
the physical unbalance of the gyro system. At this 
point the precession will stop and the gyro spin 
axis will be offset from the pickup coils and the 
true vertical. 

To reduce the offset, a bias voltage is inserted 
into the signal circuit (fig. 10-27). The bias is 
set so that it will cancel the voltages caused by the 
offset between the two axes (gyro spin axis and 
flotation tank reference line). The pendulums can 
then return the spin axis to the vertical. The 
bias voltages are introduced by two potentio¬ 
meters, one in each signal circuit. The dials d 
the bias potentiometers are calibrated so tha] 
one division is equal to approximately three 
minutes of movement of the offset. 


It has been shown how the rotation of the 
earth from west to east causes the gyro to 
precess westward away from the local vertical. 
This is called apparent rotation of the gyro. 
To prevent apparent rotation, a torque is applied 
to the gyro to cause an easterly precession. The 
precession rate depends on the latitude and is 
maximum at the equator. 


The latitude correction voltage is introduced 
into the signal circuit from the N/S run pendulum 
(fig. 10-27). The amount of voltage is determined 
by the setting of the latitude correction potentio¬ 
meter. The potentiometer dial is scaled in degrees 
of latitude and is set to ship’s latitude position. 
The latitude voltage causes the pitch and roll 
servos to drive to null the signal. If the azimuth 
gimbal is vertical and the gyro magnet is in the 
center of the pickup coils, the voltage will offset 
the gyro spin axis from the center of the pickup 
coils. The servos drive to eliminate the offset. 
Since the gyro is rigid, this results in the 
gyro’s torsion wires being twisted. The wire 
twist will couple a torque to the N/S axis of 
the gyro and cause a steady and constant pre¬ 
cession of the gyro eastward. 


SPERRY MK 19 MOD 3 GYROCOMPASS 


The Mk 19 Mod 3 gyrocompass is a naviga; 
tional and fire control instrument with desifl 
features based on unusual requirements. 19 
compass is designed to operate in latitudes upl 
80° with an accuracy in heading of 0.1 degree 
In addition it accurately measures and transmit; 
angles of roll and pitch. This feature distinguish^ 
the Mk 19 Mod 3 from all other shipboard gyro! 
compasses in use at the present time. 


The Mk 19 Mod 3 gyrocompass noi 
acts as the primary source of roll and 
signals for Surface Missile System fire coi 
systems. In this regard, the Mk 16 stable elec 
would be a secondary source for those 
so equipped. The principles of operation of 
Mk 19 Mod 3 gyrocompass are basically the 
as those of the Mk 16 stable element. At 
FTM you will not be directly concerned wit 
operation of the Mk 19 gyrocompass; this, 
responsibility of the IC Electrician. You,-! 
however, find it to your advantage to discuss^ 
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Figure 10-27.— Pitch and roll signal circuits, simplified schematic diagram. 


deration with the appropriate people aboard 
&ur ship. 


SINGLE-DEGREE-OF-FREEDOM GYROS 

When we covered the degree s-of-freedom 
und in gyros we briefly discussed one use of 
-single-degree-of-freedom gyro. This type of 
epo is used extensively in fire control equip- 
6nt as both a computing device and a stabiliz- 
P device. To see how it performs these functions 
Is first look at its construction. 

iA gyro wheel is mounted in a gimbal and 
Ins in the y-y axis, (fig. 10-28). When the wheel 
; spinning it has rigidity in the y-y spin axis 
3 will resist an attempt to change its plane of 
Ration. The gimbal is supported in the two 
;ns of the mounting frame, and can pivot about 
i X-X output axis. The X-X axis is the only 


one in which the gyro can precess. In all other 
directions there is a fixed mechanical coupling 
between the gyro and its mounting. The mount¬ 
ing frame can be rotated about the Z-Z axis. 

An angular motion about the Z-Z input axis 
will tend to change the gyro’s plane of rotation. 
Therefore, if you rotate the gyro mounting about 
the Z-Z axis, the gyro will precess as shown 
in figure 10-29. Offhand, the gyro does not ap¬ 
pear to be obeying the laws of precession. But 
stop to consider this: rotating the gyro case is 
the same as applying a force on the spin axis. 
Hence the direction of precession shown is cor¬ 
rect. You can check it with the right-hand rule. 
A study of the figure will show that the gyro is 
sensitive only to angular motion about the Z-Z 
axis. 

It is important to remember that the rate 
of precession is directly proportional to the pro¬ 
cessional force, and inversely proportional to 
the resistance of the gyro to that force. 
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Since the rate of precession is proportional 
to the applied force, you can increase the rate 
of precession by increasing the speed with which 
you rotate the gyro mounting. In other words, 
gyro precession is a result of an angular velocity 
about the input axis. The amount of gyro pre¬ 
cession is determined by the strength of the pre- 
cessional force, the time the force is acting, and 
the gyro’s resistance to the force. 

Initially, the gyro establishes a reference 
plane aligned with the center of the support arms. 
The gyro’s displacement from the reference 
plane is equal to the product of the angular 
velocity (force) and the time the force is acting on 
the gyro. Mathematically a displacement is equal 
to the product of velocity and time. Since a 
single-degree-of-freedom gyro can detect and 
measure an angular rate of change of position 
of an object, it is capable of mechanically solving 
this type of problem. 

Now let’s look at some of the applications of 
single-degree-of-freedom gyros in fire control 
equipment. In fire control we are primarily 
concerned with the angular- rate of change of a 
target’s position. The director/radar tracks a 
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Figure 10-29. —Gyro precession. 


target, measuring the target’s position and 
changes in its position. Gyros are used to meas¬ 
ure the angular rate of the line of sight, anc 
hence of the target. Tracking errors are in¬ 
troduced into the gyro system as a rate erroi 
or as a displacement error. The type of erroi 
is determined by the tracking method. In som 
cases, where the gyro has a rate input the fire 
control computer solves for the tracking rate. Th< 
computed rate is compared with the rate | 
movement of the director as measured by the gyro 
A displacement error to the gyro normaUj 
originates in the radar tracking system. Th 
displacement error is equal to the linear distant^ 
between the target’s present position and th| 
line of sight. The displacement error to the gyt 
varies the angular rate of the director. But befor 
we get ahead of ourselves, in the theoretical aid 
of the discussion, let’s go to some examples <j 
actual applications, and leave the mathematid 
theory to a later course. We will start with a ratq 
of-turn, or rate gyro. 


RATE GYROS 

Rate gyros found in fire control equipme 
may be called by different names, depend!] 
what OP or other reference you are rei 
Nevertheless, no matter what name is appl 
to a gyro which measures rate of change it 
be called a rate gyro. 

Like the free and vertical gyro, the 
instrument contains a mechanical system 
si sting of the spinning rotor and associated 
bal system. It differs in that it has one giml 
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jo that one degree of freedom is obtained. Fur- 
her, the rotor is restrained by some means, 
isually a spring, when it is precessed. 

late-Of-Turn Gyro 

A rate-of-turn gyro is installed to take 
.dvantage of the property of precession. This 
recession is carefully measured in terms of 
earing and elevation target tracking rates, 
’hese rates, after certain modifications, are used 
d compute the prediction quantities of our 
lissile fire control problem. There is nothing 
ke a good concrete example to explain why 
pros are used to calculate the angular rates of 
Igh speed targets. 




TILT SMALL 
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igure 10-30.—Precession is proportional to 
the rate-of-turn. 


Consider the case of a high speed jet fighter 
sweeping by your ship at a 1000-yard range. His 
bearing rate would be so fast that a mechanical 
computer would not have time to arrive at a 
solution. 

But the fact remains that these targets are 
dangerous and have to be knocked down. This 
means that some type of computing mechanism 
must be used; a type which is still faster than 
the ones using the mechanical components you 
have studied in previous chapters. And the 
GYRO is the answer. 

You know that a force applied at F will cause 
the gyro to precess at right angles to the force, 
(fig. 10-29). Likewise, attempting to turn the 
gyro case will cause the same result. The gyro 
will precess as shown by the arrows, around the 
x-x axis. 

Since the rate of precession is proportional 
to the applied force, you can increase the rate 
of precession by increasing the speed with which 
you are moving the gyro case (fig. 10-30). In 
other words, you have a RATE-OF-TURN GYRO. 
The FASTER you turn the gyro case, the MORE 
the GYRO will PRECESS, for the amount of pre¬ 
cession is proportional to the rate of turn. 


INPUT 

AXIS 
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Figure 10-31. —Precession of a spring re¬ 
strained rate-of-turn (rate) gyro. 
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Figure 10-31 illustrates a method of re¬ 
straining (controlling) the precession of a gyro 
to permit the calculation of a target rate. A pair 
of SPRINGS has been attached to the cross- 
arm on the x-x shaft. These springs serve to 
restrain the FREE precession of the gyro. The 
gyro is harnessed to produce some useful work. 

As a gyro processes, it exerts a force which 
is proportional to the momentum of the spinning 
wheel and the applied force. 

For example, suppose you rotate the gyro 
case at a speed which is proportional to applying 
a horizontal force of 2 pounds at F. Obviously, 
the gyro will precess; and as it does, it will 
cause the crossarm to pull up on spring A with 
a CERTAIN FORCE —say 1 pound. (This would 
vary with the length of the crossarm.) 

If you CONTINUE to turn the gyro case at 
this rate, the precession of the gyro will con¬ 
tinually exert a pull on the spring. More pre¬ 
cisely, the gyro will precess until the 1-pound 
pull of the crossarm is exactly counterbalanced 
by the tension of the spring. 

The gyro will continually try to precess far¬ 
ther, but since its pull is balanced by the tension 
of the spring, it will remain in a fixed position 
as shown in figure 10-31. That is, it will REMAIN 
in the PRECESSED POSITION as long as you 
CONTINUE TO ROTATE THE CASE AT THE 
SAME CONSTANT SPEED. 

When you stop moving the gyro case, it is 
equivalent to removing the force at F, and the 
gyro stops processing. The spring is still ex¬ 
erting a pull, however, so it pulls the crossarm 
back to the horizontal. 

Suppose you rotated the case twice as fast 
as before. That would be equal to a 4-pound 
force at F and a resulting 2-pound pull by the 
cross-arm on spring A. So the gyro would pre¬ 
cess twice as far, before the tension on the 
restraining spring equalled the pull of the 
crossarm. 

Boiling it down the faster you rotate the 
gyro case the further the gyro will precess be¬ 
fore the pulls of the crossarm and spring are 
equal, and the gyro comes to rest. 

FLOATED GYRO UNIT 

Another type of gyro widely used in fire con¬ 
trol equipment is the floated gyro unit. This 
unit, also called the draper gyro and hermeti¬ 
cally sealed integrating gyro (HIG), to list a few 
of its more common names, is a viscous damped, 
single-degree-of-freedom gyro with a torque 
generator and a signal generator mounted on its 


output shaft. Figure 10-32 shows a cutaway view 
of the unit. The principal components of tbs 
gyro are the gyro rotor, gimbal, signal gen¬ 
erator, torque generator, and the viscous damp¬ 
ing fluid. The gyro rotor and stator are ini 
sealed cylinder filled with a gas, usually helium. 
The gas serves to transfer heat generated by 
the gyro stator windings to the surface of t±e 
cylinder. The closed metal cylinder acts u 
the inner gimbal and is mounted on precision 
bearings. The space between the gimbal and 
case is filled with a viscous damping fluid of 
high specific gravity. Because of the high spe¬ 
cific gravity of the fluid it serves to float tin 
inner gimbal and its shaft. This reduces tin 
gimbal bearing friction. In this way mechani¬ 
cal drift due to friction is greatly reduced, 
The “pick off” is a signal generator whose 
rotor is attached to one end of the inner gim¬ 
bal shaft. (The term “pick off” is the name 
usually used for that part of a gyroscopic uni! 
whose function is to change the output of the de¬ 
vice into a usable signal.) The electrical outpul 
of the signal generator is proportional to the 
angular displacement between the inner gimbil 
and the case. The torque generator, the rotoi 
of which is attached to the other end of the innw 
gimbal shaft, provides a means of applying com* 
mand signals to the gyro to cause it to precess 


Automatic Tracking Systems 

A typical fire control application of a 
gyro unit is in the automatic radar ti 
(angle servo) circuits of fire control dire 
or radar sets. Before discussing the acti 
the floated gyro unit, it is necessary to c 
first the overall operation of the entire tr 
system. We will divide it into convenient j 
of units and indicate the general function of 
unit, so that their operation may be under 
in relation to the operation of the system 
whole. The complete system is used for t 
ing tragets automatically, and for stabilizii 
line of sight in the presence of ship moti 
may be considered as consisting of six i 
units: the radar receiver, the angle error 
cuits, the rate gyro unit, power drive servo, 
cuits, power motor, and the radar an' 

Operating together, these groups of 
ments function as a large servomechani 
position the radar antenna. Conception od 
radar automatic tracking loop as a servo: 
anism can be represented by means of a 
alized block diagram as in figure 10-33. 
figure refers to no particular system. It 
cates the basic types of components, and an 
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GENERATOR 


Figure 10-32. —Floated gyro unit. 


12.154 


ontrol methods usually employed in the eleva- 
lon tracking circuits of missile fire control 
ystems. 

'The following describes what takes place in 
to system in case of an elevation radar error 
fcnal and ship’s motion. Operation is essen- 
lily the same for traverse. The radar receives 
Irget echoes from the antenna and converts 
£m into radar error signals. These signals 
tficate how far and in what direction the radar 
wim is off target. They are applied to the gyro 
Sit torque generator to cause the gyro to pre- 
&6s so that its spin axis swings in the direction 
I which the radar beam should move to follow 
1$ terget. Appropriate error signals are pro- 
iced by the signal generator and sent to the 
itenna power drives to cause the radar beam 
' align itself with the gyro spin axis. In this 
Wner the radar beam continuously tracks a 
fet. This method of control illustrates how 
6 principle of gyroscopic precession is used, 
p fundamental principle of rigidity of a gyro 
m also be shown. 

.^Assume for the moment that the radar an- 
pa is not tracking a target. This produces no 
Bar error signal. The ship starts to roll and 


pitch. A torque is produced about the input axis 
of the gyro in the gyro unit, precessing the gyro 
and turning the output shaft. Error signals are 
generated by the signal generators proportional 
to the rate of change of ship motion. These sig¬ 
nals are amplified and sent to the power drives 
to position the antenna. Movement of the antenna 
causes the gyros to precess to their original 
position. This action has the effect of making 
the radar line of sight remain fixed in space 
while the ship rolls and pitches beneath it. 

Now that you have an overall picture of how 
the elevation automatic radar tracking circuit 
works, let’s take a closer look at the rate gyro 
unit. Figure 10-33 shows a simplified block dia¬ 
gram of it. The elevation radar error signal is 
applied to the torque generator, producing a tor¬ 
que “A” about the gyro output axis. At the same 
time, any torque caused by ship roll or pitch that 
may be present about the input axis will cause 
the gyro to precess. This torque is marked “B” 
in the figure, and it produces another torque 
about the output axis. Torques “A” and “B” 
are algebraically added about the output axis. 
The resultant torque or twisting effect is op¬ 
posed by the viscous fluid. Since the viscous 
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Figure 10-33. — Simplified block diagram of an automatic tracking system. 


fluid has integrating properties, the signal gen¬ 
erator rotor will be turned through an angle which 
is the integral of the resultant torque. In other 
words, the output of the signal generator de¬ 
pends upon the total torque causing precession 
and the duration of precession. The output of the 
signal generator drives the elevation power 
servo to move the antenna. Movement of the 
antenna cancels the radar error signal, and re¬ 
moves the signal to the torque generator. As 
the antenna moves in elevation, the elevation 
gyro is precessed in a direction to zero the out¬ 
put of the signal generator. 

A second method of using this type gyro in 
a director drive is with a rate input to the 
torque generator. In figure 10-34 the fire control 
computer solves for the angular tracking rate. 


The computed rate is transmitted to the directo 
drive to control its angular velocity. The angulaS 
motion of the director will cause gyro preoes: 
sion. The gyro signal generator’s output is pr3 
portional to the angular velocity of the directo! 
The gyro velocity signal is added to the CoS! 
puted velocity signal in the summing netwon 
The sum of the two is the input signal to tf| 
power drive. j 

At the same time the gyro signal is fed ban 
to the gyro torque motor. The motor will ap$ 
a torque to the gyro to tilt it back toward i 
neutral reference plane. Therefore the gyro 
delicately balanced between the precess&j 
force “B” caused by the director rotation*! 
the feedback torque “A”, which is a measur$ 
the present angular velocity of the director?? 
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change in the director’s angular velocity will 
change torque “B”, which will distrub the gyro 
balance and cause it to precess. The output of 
the gyro signal generator will therefore be pro¬ 
portional to the rate of change of velocity, or 
an acceleration signal. 


GYROS USED IN GUIDED MISSILES 
FREE GYROS 

To illustrate how free gyros are used in 
detecting missile attitude, let us first refer to 
'figure 10-35. Suppose that the design attitude 
of the missile is horizontal as shown in the 
figure. The gyro within the missile has its 
spin axis in the vertical plane, and is mounted 
in gimbals in such a manner that a deviation 


in the horizontal attitude of the missile would 
not physically affect the gyro. In other words, 
the missile body can roll around the gyro and 
the gyro will still maintain its same position 
in space. Figure 10-36 shows this occurrence. 
Note that the missile has rolled approximately 
30°, but the gyro has remained stable in space. 
If we could measure the angle between the rotor 
and a point on the missile body we would know 
exactly how far the missile deviated from the 
horizontal attitude. Having determined this, the 
control surfaces could then be positioned to 
return the missile to the horizontal. 

Actually, a minimum of two free gyros is 
required to keep track of pitch, roll, and yaw. 
The vertical gyro just described can also be used 
to detect missile pitch as shown in figure 10-37. 
To detect yaw, a second gyro is used with 
its spin axis in the horizontal plane and its 
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Figure 10-35. —Missile horizontal-gyro stable 
in space. 

rotor in the vertical plane. Yaw will then be 
detected as shown in figure 10-38. 

RATE GYROS 

The free gyros just described provide a 
means of measuring the AMOUNT of roll, pitch, 
and yaw. The free gyros therefore can be used 
to develop signals, which are proportional to the 
amount of roll, pitch, and yaw. Due to the 
momentum of a missile in responding to free 
gyro signals, large overcorrections would result 
unless there were some means of determining 
how fast the angular movement is occurring. For 
example, suppose that a correction signal is gen¬ 
erated which is proportional to an error of 
10° to the left of the proper heading. The control 
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Figure 10-36. —Missile rolls-gyro remains 
stable. 


surfaces are automatically positioned to bring 
the missile to the right. The missile responds 
by coming right. But because of its momentum 
it will pass the correct heading and introduce 
an error to the right. To provide correction 
signals that take momentum of the missile into 
account, rate gyros are used. These gyros con¬ 
tinuously determine angular accelerations about 
the missile axes. By combining free gyro sig¬ 
nals with rate signals from the rate gyros, the 
tendency to overcorrect is minimized and & 
better degree of stability is obtained. The rate 
gyro actually provides a refinement or damping 
effect to the correcting process. Without rate 
gyros, a missile would overcorrect constantly. 

The basic difference between the free gyro 
and the rate gyro is in the way they are mounted. 
Figure 10-39 shows a simplified view of a roll rate 
gyro. Notice that the rotor is mounted in single 
gimbals rather than the two sets of gimbals which 
support the free gyro. This arrangement restricts 
the freedom of the gyro rotor. When the missile 
rolls, the gyro mounting turns about the roll 
axis (arrow A) carrying the gyro rotor with it. 
This causes a force of precession at a right angle 
to the roll axis, which causes the rotor to turn 
about the pitch axis (arrow B). 


Restraining springs may be attached to 


gimbals as shown. The force on the springs w 
then be proportional to angular acceleration a 



the roll axis. 


Three rate gyros are normally installed in ^ 
missile to measure the accelerations about 
three mutually perpendicular missile axes. j 


SENSORS 


Earlier in this chapter we discussed 
sensing element of the basic stable eleme 
Remember the figure-eight coils and the elect] 
magnet. Two ither sensors worthy of menti 
at this time are the crossed-E transformer 
the microsyn. 


E-TRANSFORMERS 


The simplest form of the E-transformer 
shown in figure 10-40. An alternating vol 
is applied to the primary coil on the ceftj 
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Figure 10-37. — Missile pitches-gyro remains stable. 
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le of the laminated E-shaped core. Two sec¬ 
tary coils (1 and 3 in the figure) are wound in 
ries opposition on the outer poles of the struc- 
■ e. The magnetic coupling between the pri- 
iry (coil 2) and the two secondaries varies 
th the position of the armature. The arma- 
■e can be displaced laterally in either direc- 
n in the magnetic circuit. This changes the 
uctance between either pole and the armature. 

When the armature is located in the center 
the structure, as shown in the figure, equal 
tages are induced in the secondary coils, and 
difference between them is zero. Thus, the 
fcage at the output terminals is also zero. 

But if the armature is moved, say, to the 
it, as shown in figure 10-41, the voltage in- 
3d in coil 1 increases, while the voltage 
iced in coil 3 decreases. The two voltages 
then unequal, so that the difference is no 
er zero, and a net voltage results at the 
ut terminals. A sense of direction is pro- 
d since the output voltage changes phase as 
armature passes through the null (center 
tion). The output voltage phase will be either 
tiase with the primary voltage or 180° out of 
e. The amplitude of the output voltage is 


proportional to the amount the armature moves 
back and forth from the center position. 


Crossed-E Transformer 


E-type transformers are used in fire control 
equipment to measure angular movement; there¬ 
fore, the basic E-transformer just described 
must be altered slightly to perform this function. 
If you place two E-transformers at right angles 
to each other and replace the bar armature with 
a dome-shaped one, you have the basic configura¬ 
tion of what is known as the crossed-E trans¬ 
former, or pickoff. In most applications the 
dome-shaped armature is attached to a gyro, and 
the core assembly is fixed to a gimbal which is 
the servo load. 

The crossed-E transformer assembly con¬ 
sists of five legs (poles). Each leg is encased 
by a coil. The coil around the center leg is the 
primary, which is excited by an alternating volt¬ 
age. The remaining four coils are the secondaries. 
Figure 10-42A shows a cross-sectional view 
of the crossed-E transformer and the flux paths 
through the armature. Part B of figure 10-42 
Digitized by vjjOwV IL 
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Figure 10-38. —Missile yaws-gyro remains stable. 
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shows how the crossed-E transformer looks 
from the front. From this view you can see how 
it gets the name, crossed-E. 

To understand the operation of the crossed- 
E transformer, let’s see how it works in a 
typical director-positioning servo. Figure 10-43 
shows a simplified block diagram of a train 
power drive. 

Let us assume that the director is.tracking, 
and that the target is moving to the right. The 
current (which representstrackinge'rror) through 
the traverse torque motor will cause the motor 
to process the gyro clockwise as indicated in 
figure 10-43. The gyro is positioned slightly to 
the left of center of the transformer. The core 


assembly is carefully positioned on the gyr< 
gimbals so that the core axis is parallel ti 
the line of sight. You can see the relationshi] 
in figure 10-44. 

When the reluctance dome, and thus the gyit 
spin axis, is to the left of center, more flu] 
links the left leg with the primary coil andthf 
voltage induced in the left secondary increases 
The right leg has fewer flux linkages with tbij 
center coil; therefore, the voltage induced ii 
the right coil will be less than that in the laf 
coil. Thus there will now be a net voltage ouj 
of the pickoff. The phase of the output will lx 
that of the larger voltage. It follows that if tfaf 
gyro were torqued to the right, the opposite COO" 
dition would exist. From this brief description 
you can see that the crossed-E transforms! 
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works on the same fundamental principle as the 
basic type described earlier. The major dif¬ 
ference between the two is in shape and the 
number of secondaries, and in the fact that the 
armature has universal movement. 

The signal from the transformer ultimately 
drives the director until the axis of the center 
leg of the core assembly is in coincidence with 
the axis of the reluctance dome. When this 
occurs, the line of sight is on target and no 
radar tracking error exists. Note again that 
this servosystem, in block form, contains all 
the essential parts of a basic servo. 

Stable Element Crossed-E Transformer 

Another application of crossed-E transform¬ 
ers as a pickoff or error detector is in stable 
element servosystems. Figure 10-45 shows a 
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Figure 10-41. —Basic E-transformer with arma¬ 
ture offset from center position. 


simplified block diagram of a pitch servo. The 
roll servo is identical but is deleted for clarity. 

Roll or pitch movement, or both, of the ship 
displaces the pickoff core from its position 
directly over the gyro. The vertical axis of 
the gyro represents the vertical. Any slight 
displacement of the core, and thus of the sec¬ 
ondary windings, causes generation of an error 
signal. The pitch and roll servosystems operate 
in response to these error signals and return 
the pickoff core to its original position. The 
amount and direction of travel of the pickoff 
core is transmitted in the form of synchro 
signals or appropriate mechanical motion to the 
equipment being stabilized. 


THE MICROSYN 



55.19 

ngure 10-40.—Basic E-type transformer with 
armature at null (zero) position. 


The microsyn, shown in figure 10-46, is fre¬ 
quently used as a torquer or pickoff in gyro units 
in director and antenna-positioning servos. Mi- 
crosyns are also used in gyro units that are part 
of inertial guidance systems. The microsyn is 
an error-detecting, measuring, or similar de¬ 
vice which can be used either as a transmitter 
(signal generator) or a receiver (sometimes re¬ 
ferred to as a torquer, torque motor, or torque 
generator.) 

Either unit consists of a bobbin-shaped two- 
pole rotor and a four-pole stator. The four 

Digitized by’ ^.ooQle 


385 




FIRE CONTROL TECHNICIAN (M) 3 & 2 



A 



B 



55.22 

Figure 10-43. — Train power drive (positioning). 


receiver, its output is a torque — hence the name 
torquer or torque generator. The direction of 
the torque is determined by the phase relation¬ 
ship between the two input voltages, and its 
magnitude is determined by the amplitude of the 
variable input voltage. 

Microsyn Transmitter 


55.21A 

Figure 10-42. —Crossed-E transformer: A. Cross 
section; B. Front view. 


poles are displaced 90° from each other. A pri¬ 
mary coil and a secondary coil are wound on each 
pole. The rotor has no windings, and serves 
only to change the reluctance of the magnetic 
paths between the stator poles. The rotor is 
mounted on ball bearings. Because it has no 
winding, no electrical connections, such as 
brushes or sliprings, are required. 

When the microsyn is used as a transmitter, 
its output is a voltage whose phase is determined 
by the direction of rotor movement. The ampli¬ 
tude of the output voltage is proportional to the 
amount the rotor is displaced. When used as a 


In the transmitter or signal generator unit the 
four primary coils are connected in series and 
are excited by a 400-Hz reference voltage. 
Other frequencies are used, but 400 Hz is 
most common. The coils are wound so that the 
flux in pole 1 aids the flux in pole 4, and the 
flux in pole 2 aids the flux in pole 3. When the 
rotor which is attached, say, to the output shaft 
of a gyro, is in the zero position as shown in 
figure 10-46A, equal amount of rotor iron are 
under each of the four pole faces. In this posi¬ 
tion, the pole 1-pole 4 flux through the rotor 
equals the pole 2-pole 3 flux through the rotor. 
Equal voltages are now induced in the secondary 
coils. These four secondary coils are also con¬ 
nected in series. The voltage induced in the pole 
1 secondary aids the voltage induced in the pole 3 
secondary. The combined voltages in the pole 1 
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ELEVATION COIL 



Figure 10-44.—Crossed-E transformer in direc¬ 
tor positioning servo: A.Location of com¬ 
ponents; B. Relationship between core 
assembly and reluctance dome. 


PITCH 

SERVOMOTOR 



Figure 10-45. —Simplified block diagram of a 
stable element pitch or roll servo. 


of the microsyn is turned to the left, the magni¬ 
tude of the output voltage equals the voltage in¬ 
duced in secondary coils 1 and 3 minus the 
voltage induced in secondary coils 2 and 4. 
Thus, the microsyn transmitter has an output volt¬ 
age whose phase is determined by the direction of 
the rotor displacement from zero and whose 
amplitude is determined by the amount of this 
displacement. 

Microsyn Receiver 


and pole 3 secondaries oppose the combined volt¬ 
ages of the pole 2 and pole 4 secondaries. When 
the rotor is at the zero position, these two pairs 
of combined voltages are equal, and the output 
of the microsyn transmitter is zero. 

When the rotor of the microsyn transmitter 
is turned to the right (fig. 10-46B) by a mechani¬ 
cal input, in this case gyro precession, the 
amount of rotor iron under poles 2 and 4 ex¬ 
ceeds the amount of rotor iron under poles 1 
and 3. The total voltage induced in the secondary 
coils of poles 2 and 4 now exceeds that induced 
in the secondary coils of pole 1 and pole 3. 
Under this condition the phase of the output volt¬ 
age is that of the voltage induced in the second¬ 
ary cells of poles 2 and 4, and the amplitude of 
the output voltage is equal to the voltage induced 
in secondary coils 2 and 4 minus the voltage 
induced in secondary coils 1 and 3. If the rotor 


This unit is physically and electrically identi¬ 
cal to the transmitter. However, the rotor is 
free to turn. The rotor can be attached to the 
input shaft of a rate gyro. When the reference 
voltage alone is applied to the primary, the fields 
produced in the four primary coils will position 
the rotor to zero so that equal amounts of rotor 
iron are under each of the poles. If a voltage in 
phase with the reference voltage is applied to 
the secondary coils, the flux produced in poles 
2 and 4 by these coils aids the flux produced by 
the primary coils. Meanwhile the flux produced 
in poles 1 and 3 by the secondary coils opposes 
the flux produced by the primary coils. The 
magnetic field produced in poles 2 and 4 is 
stronger than that produced in poles 1 and 3. 
Therefore a torque, exerted on the rotor, will 
attempt to increase the amount of rotor iron 
under poles 2 and 4. 

If the phase of the voltage applied to the sec¬ 
ondary coils is reversed, the direction of the 
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55.26 

Figure 10-46. —Microsyn torque or signal generator: A. Rotor at zero; B. Rotor displaced to right. 


resultant torque will be reversed. Therefore, 
it can be said that the microsyn receiver pro¬ 
duces a torque whose direction is determined by 
the relative phase of the reference and signal 
voltages, and whose magnitude is determined by 
the amplitude of the signal voltage. 


GYRO DAMPING 

In order for a gyro to function smoothly, 
damping of the gyro unit output shaft is essential. 
The damping supplies a restraining force on the 
gyro output proportional to the rate at which the 
gyro is precessing. If the precession angle is not 
changing, the damping mechanism has no 
restraining effect and does not influence the 


angles. Damping causes the gyro to precess 
slowly and approach the correct precession angle 
smoothly. 

Damping is normally accomplished by sub¬ 
merging the gyro unit in a viscous liquid (fig, 
10-32). As pointed out earlier, this liquid causes 
the gyro unit to float. Liquid contact is with 
the cylinder that encloses the gyro wheel. The 
cylinder is attached to the gyro unit shaft and 
turns with it. The movement of the cylinder is 
resisted by the liquid in which it is floating. 
The effect is a smoothing or damping action. 

The amount of resistance that the liquid offers 
depends on its viscosity which is a function of 
its temperature. The fluid is heated electricallyi 
and its temperature is controlled by a 
thermal switch. 
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CHAPTER 11 


INTRASHIP DATA TRANSMISSION 


INTRODUCTION 

The need for a lot of information to solve 
the missile fire control problem has already been 
established. This information must be sent back 
and forth between equipment located at a dis¬ 
tance from each other. For example, a missile 
fire control computer requires inputs from 
numerous pieces of equipment that are located 
at distances from a few feet to possibly several 
hundred feet. It is essential that the fire control 
technician be knowledgeable concerning ship¬ 
board data transmission techniques. 

This chapter will provide you with essential 
information concerning shipboard data trans¬ 
mission systems. Your studies will provide you 
with an understanding of data transfer in both 
analog and digital transmission systems. Along 
with this, you will develop the knowledge required 
to properly understand alignment procedures 
employed with data transmission devices. Finally, 
you will become more familiar with the tech¬ 
niques employed in converting analog/digital data 
from one form to the other. 

CLASSIFICATION OF DATA 
TRANSMISSION SYSTEMS 

Fire control data can be classified within the 
two broad categories of digital data and analog 
data. Further classification can take place ac¬ 
cording to the manner in which the data are 
transmitted or developed. 

In chapter 7, you learned that digital data 
(bits) can be transmitted in serial or parallel 
form. You are also aware that digital and analog 
data can be converted from one form to the 
Dther. Later this chapter will further discuss 
this along with the actual transmission of digital 
lata (bits) from one quipment to another. 

Many fire control quantities have quantitative 
Jr numerical values that must be transmitted 


in order to describe the quantity. These quantities, 
which are for the most part analog, are trans¬ 
mitted in a form which is convenient for trans¬ 
mission. A quantity can be defined in many types 
of measures. Hence we can transmit quantities 
such as range, elevation, or traverse as voltages 
in an electrical circuit, as mechanical motions 
in a mechanical system, or as pressures in a 
hydraulic system. In this chapter we will concern 
ourselves primarily with electrical trans¬ 
missions. 

BASIC TRANSMISSION SYSTEM 

All intraship transmission systems consist 
basically of a signal producing device (trans¬ 
mitter), a transmission medium (conductor), and 
a receiver (load) (fig. 11-1). Synchros,resolvers, 
microsyns, crossed-E transformers, and potenti¬ 
ometers are examples of devices that can be 
employed as transmitters. You are already fa¬ 
miliar with the operating principles of these 
devices. Synchros and resolvers, however, lend 
themselves to lengthier discussions due to their 
extensive application. First, however, let’s look 
at a simplified switch controlled transmission 
system. 

SWITCH CONTROLLED TRANSMISSION SYSTEM 

Information can be transmitted by the presence 
or absence of a voltage. This is probably the 
simplest of data transmission systems. These 
systems, however, are limited in capability to 



TRANSMISSION 


TRANSMITTER 
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RECEIVER 


12.156(167) 

Figure 11-1. —Basic data transmission system. 
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the less complicated signals. Circuits similar 
to those in figure 11-2 are used to transmit an 
order or to indicate a condition. When a switch 
in the circuit is closed, the indicating device 
is energized. 

The circuits showns are simplified. Frequently 
other switches or relay contacts are in series 
with the master switch. The other switches or 
contacts establish necessary conditions before 
the circuit is complete. For example, in order 
to energize the “Ready to Fire” bus of figure 
11-2C, the firing safety switch must be in the 
FIRE position and the following conditions must 
be met: 

1. The launcher is loaded and synchronized 
with fire control computer orders. 

2. The missile has acquired minimum warmup. 

3. The blast doors are closed. 

4. The missile gyros are caged. 

5. The launcher is not in a firing cutout 
zone. 

6. The position of the SALVO SELECT switch 
corresponds to the desired rail loaded condition. 

As the aforementioned conditions are fulfilled, 
appropriate relay switching takesplace which will 


complete the energizing path for the READY TO 
FIRE relay. 

The READY TO FIRE bus will be used to 
energize a relay which will close a set of con¬ 
tacts in the missile firing circuit. At the same 
time, a READY TO FIRE indication will be 
received at the missile firing panel indicating 
that conditions have been fulfilled to ensure a 
safe missile firing. 

Control circuits similar to the one just des¬ 
cribed are quite common in today’s fire control 
systems. In all cases, the circuits provide yes/no 
indications of system status or condition. For 
details concerning the relay control circuits of 
your system, refer to your equipment OPs. 


SYNCHRO SYSTEMS 

Fire control position information is trans¬ 
mitted electrically between distant stations by 
synchro systems. All SMS fire control systems 
make extensive use of this form of data trans¬ 
mission, therefore, knowledge in this area is 
mandatory. In chapter 5, it was suggested that you 
review synchros as presented in Basic Elec¬ 
tricity, NavPers 10086-B. If you did not, it is 


A 

POWER 

SOURCE 



o- 



POWER 
V s vy ON 




LAUNCHING RAIL 
CLEAR 



Figure 11-2. —Switch controlled transmission systems. 
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advisable that you do so now before continuing 
with this chapter. 


TYPES OF SYNCHROS 


Before we cover the types of synchros, we 
will briefly summarize their common features 
and characteristics. Synchros are basically trans¬ 
formers. Various types have been developed to 
serve several different purposes. They are 
usually position-sensing devices which have the 
following things in common: 

1. They operate on a transformer principle. 

2. They have a “Y” connected stator. (Three 
windings 120° apart, each with a common con¬ 
nection. These three windings correspond to 
one of the windings of a transformer.) 

3. They have a rotor winding. (A rotating 
winding which corresponds to the other winding 
of a transformer) 


Synchros sense position in one of three ways: 

1. The position of the rotor in relation to 
a reference point (mechanical information). 

2. The voltage on the stator winding in 
relation to a predetermined reference voltage 
(electrical information). 

3. The voltage on the rotor winding in rela¬ 
tion to a predetermined reference voltage (elec¬ 
trical information). 

As you know, torque transmitters and re¬ 
ceivers are energized with alternating current 
at their R1-R2 leads. The turns ratio between 
rotor and stator is such that a MAXIMUM of 52 
volts for 115-volt units or 6.8 volts for 26- 
volt units is produced in any one stator winding. 

Figure 11-3 shows a synchro, either a torque 
transmitter or receiver, with 115 volts a-c, ap¬ 
plied to its rotor. The synchro is shown with a 
rotor angle of zero degrees. Rotor angle is 
measured from the longitudinal axis of the 
rotor to the axis through the center of the S2 
winding. The axis of the S2 winding is the 
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Figure 11-3. —Synchro voltages, rotor at zero degrees. 
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standard reference point, and it’s called the 
ELECTRICAL ZERO point. All rotor angles 
are measured from this reference. The volt¬ 
ages on the stator windings at this position of 
the rotor are the reference values. 

CLASSIFICATION OF SYNCHROS 

We can classify the more common types of 
synchros by their function, size, and the supply 
voltage and irequency. As you Know, syncnros 
are part of a synchro system. The function of 
the system determines the type synchros in it. 
If the synchro system provides a mechanical 
output (torque), which does the actual position¬ 
ing of a load, it is a torque system. If it pro¬ 
vides an electrical output which is used to 


control the power that does the mechanical work, 
it is a control system. Hence, synchros can be 
classified by the function they perform in the 
system. Table 11-1 lists the military abbrevia¬ 
tion, inputs, and outputs of the more common 
functional classifications of synchros. Note that 
the table does not indicate that a CT can trans¬ 
mit to another CT. This, however, is possible 
and is done in some fire control equipment. 

IDENTIFICATION OF SYNCHROS 

Synchros that you will most likely encounter 
as an FTM are identified by a military standard 
designation code. Military standard synchros 
conform to specifications which are uniform 
throughout the armed services. 


Table 11-1. — Synchro functional classifications 


Functional 

Classification 

Military 

Abbre¬ 

viations 

Input 

Output 

Torque Trans¬ 
mitter 

TX 

Rotor positioned mechani¬ 
cally or manually by 
information to be trans¬ 
mitted 

Electrical output from stator iden- ! 
tifying rotor position supplied to ! 
torque receiver, torque differen¬ 
tial transmitter, or torque dif- 1 
ferential receiver 

Control Trans¬ 
mitter 

CX 

Same as TX 

Electrical output same as TX but 
supplied only to control trans¬ 
former or control differential 
transmitter 

Torque Differential 
Transmitter 

TDX 

TX output applied to 
stator; rotor positioned 
according to amount 
data from TX must be 
modified 

Electric output from rotor (repre- j 
sentlng angle equal to algebraic ' 
sum or difference of rotor position 1 
angle and angular data from TX) [ 
supplied to torque receivers, an¬ 
other TDX, or a torque differential 
receiver 

Control Differential 
Transmitter 

CDX 

Same as TDX but data 
usually supplied by CX 

Same as TDX but supplied only to 
control transformer or another 
CDX 

Torque Receiver 

TR 

Electrical angular posi¬ 
tion data from TX or 
TDX supplied to stator 

Rotor assumes position determined 
by electrical input supplied 

Torque Differential 
Receiver 

TDR 

Electrical data supplied 
from two TDX's, two 
TX's or one TX and one 
TDX (one connected to 
rotor, one to stator) 

Rotor assumes position equal to 
algebraic sum or difference of 
two angular inputs 

1 

Control Trans¬ 
former 

CT 

Electrical data from CX 
or CDX applied to stat¬ 
or; rotor positioned me¬ 
chanically or manually 

Electrical output from rotor (pro¬ 
portional to sine of the difference 
between rotor angular position and 
electrical input angle) 


12.3.28 
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lilitary Standard Designation Code 


SYNCHRO ALIGNMENT 


This designation code identifies standard syn- 
hros by their physical size, functional purpose, 
ad supply voltage characteristics. We will use 
vo standard synchro designations, 18TR6 and 
6CTB4a, as examples to explain the code. The 
rst two digits indicate the diameter of the syn- 
bro in tenths of an inch, or to the next higher 
inth. Thus, an actual dimension of 1.75 inches 
jcomes 18. The first letter indicates the general 
motion of the synchro and of the synchro system: 
for control; T for torque. 

The next letter indicates the specific function 
; the synchro, as follows: 


LETTER DEFINITION 


D Differential 

R Receiver 

T Transformer 

X Transmitter 


be letter B following the preceding letters 
dicates that the synchro has a rotatable stator. 

The number after the letters stands for the 
crating frequency: 

6 for 60 Hz 

4 for 400 Hz 

le lower case letter is a modification des- 
nation. Successive modifications are in alpha- 
tical order. 

Thus, the 18TR6 is a torque receiver with a 
Hz supply voltage and a diameter of between 
71 and 1.80 inches. The 16CTB4a is a control 
smsformer for use in a 400 Hz system. It 
s a rotatable stator, and a diameter between 
51 and 1.60 inches. The lower case “a” indicates 
it the synchro has been modified once. 

Type designations for all standard synchros 
e assigned by this code. Synchros for use in 
:cuits supplied by 26 volts are clasified in 
} same way, except that the symbol 26Vis pre- 
ed to the designator. Otherwise, a 115 volt 
urce is assumed for the synchro system. Note 
it in table 11-1 only the functional designator 
given. This is often the practice in OPs and 
schematic diagrams. The complete identifica- 
n is normally given in the physical descrip- 
n section of the OP. 

In some texts synchro transmitters, TX, 
i called generators, and receivers, TR, 
3 called motors. 


The primary function of a synchro system 
is to transmit information between remote units. 
The information is represented in the synchro 
transmission circuits as electrical potentials 
and currents which vary with the angular position 
of the transmitter’s and the receiver’s rotor 
as measured with respect to their stators. We 
can say then that the information as represented 
by electrical values in the circuits is in fact 
a measure of the angular displacement of the 
rotor from a reference point established by the 
stator. Hence, as previously mentioned, a synchro 
is basically a postion-sensing device. There¬ 
fore, to receive the transmitted information 
correctly there must be a reference point common 
to both synchros and a common unit of measure 
used in both instruments. 

To clarify this we will use a simple torque 
system as illustrated in chapter 5 (fig. 5-49). 
The TX rotor is coupled to a gear train and 
thus is mechanically restrained; its stator is 
stationary in its mounting. The TR rotor is 
free to turn; its stator, however, is stationary 
in its mounting. As you know, the axis of the 
S2 coil is the mechanical and electrical zero 
reference position of a synchro. Hence we have 
a common point within the synchros from which 
the angular displacement of the rotors can be 
measured. But if the synchro system is to trans¬ 
mit a quantity properly, it must be interaligned 
with the instruments. In the system in the figure, 
this means that when we place the TX’s dial on 
zero, which represents the value of the quantity 
in the instrument, the synchro must be at its 
zero position. Plainly the same is true for the 
TR and the receiving instrument; when the syn¬ 
chro is on zero, the dial should read zero. 
If the dials are identical, you can see that the 
synchros are aligned to identical reference points. 
This is true although the receiver’s reference 
is at some distance from the transmitter’s. 
When these relationships have been established, 
the quantity on the TX dial can be transmitted 
correctly between the instruments by the synchro 
system. 

Whatever the synchro system, either torque 
or control, the mechanical and electrical refer¬ 
ence points must be aligned. All synchros can 
be considered fundamentally as transducers, in 
that they convert the input from an electrical 
signal to a mechanical signal, or vice versa. 
The input and output signals of a CT are elec¬ 
trical; but remember that its rotor is positioned 
mechanically. A review of the operation of 
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synchro differentials, TDX and TRX, will show 
that they also are transducers. The point is that 
the electrical alignment of synchros must be 
correlated with their mechanical alignment. 

Mechanical Alignment 

We are concerned here with the mechanical 
alignment of a synchro system with the quantity 
to be transmitted as it is represented in the 
transmitting instrument and with the quantity as 
delivered by the synchro to the receiving in¬ 
strument. Since these instruments are usually 
located at a distance from each other, the 
synchros are aligned individually to common 
reference lines. 

To align a synchro system, the first step is 
to establish the reference lines so that they 
coincide, or are parallel. This is the mechanical 
alignment. As previously mentioned, the elec¬ 
trical axis of the S2 winding of a synchro is the 
reference line from which the rotation of its 
rotor is measured. Thus, a synchro has a built- 
in reference line. The position of the S2 winding 
is the connecting link between the mechanical 
alignment of a synchro with the instrument, and 
the electrical alignment of the synchro system. 

The synchro’s mechanical input is assigned 
a reference value or position for alignment pur¬ 
poses. This value is normally the zero position 
of the quantity in the instrument. Some quan¬ 
tities, however, are assigned an arbitrary value 
as a reference point for alignment. Synchros 
that transmit range, for example, may be aligned 
at 10,000 yards. In this manner, negative values 
of the quantity are avoided. 

We now have established two reference lines, 
one in the synchro and the other in the instru¬ 
ment. If we place the mechanical input (or 
output) of the synchro at its reference value, we 
can say that the two reference lines are coinci¬ 
dent if the synchro rotor is at its electrical 
zero position. Let’s see why this is true. Any 
quantity which can be made to vary linearly with 
the angular motion of the synchro rotor can be 
transmitted by a synchro system. (It does not 
matter that a quantity is basically linear, such 
as range and speed; as long as a change in the 
quantity will change the synchro rotor position 
a proportional amount, it can be transmitted by 
synchro.) Thus if the input is at zero and the 
synchro rotor is at zero, the reference lines 
are coincident. 

If the synchro rotor is not at the electrical 
zero position, the synchro must be adjusted. 
(We will cover the electrical zero of a synchro 
next.) This is done by physically moving the 


synchro stator in its mounting or by adjusting 
the rotor by its mechanical input. 

Electrical Zero 

In the Basic Electricity text we considered 
the terminal voltages of a synchro to explain 
synchro operation. From this study we have 
established the fact that for any given rotor 
position there is a definite set of stator volt¬ 
ages. Each type of synchro has a combination 
of rotor position and stator voltages which is 
called its electrical zero. The electrical zero 
condition is the reference point for the align¬ 
ment of the synchro. We have defined the elec¬ 
trical zero in a torque system as the condition 
in which the axis of the rotor is lined up with 
the axis of the S2 winding. Look back at figure 
11-3. In this illustration you can see that two 
such positions 180° apart are possible. As shown 
in the diagram, the rotor is at the electrical 
zero position, but if it were turned 180° we could 
still say it is lined up with the S2 winding. Let’s 
see what is the electrical difference between 
these two rotor positions, and expand our def¬ 
inition of electrical zero. 

In both the 0° position and the 180° position, 
the terminal voltage between SI and S3 is zero. 
However, in the 0° position the voltages from 
S2 to S3 or from S2 to SI are IN PHASE with 
the voltage from R1 to R2, while in the 180* 
rotor position the voltage from S2 to S3 (or SI) 
is 180° out of phase with the rotor voltage. 

The electrical zero position is, therefore, 
completely defined as the position of the rotor 
in which the voltage between SI and S3 is zero, 
and the voltage from S2 to S3 is in phase with 
the voltage from R1 to R2. 

Since there is a natural tendency to overlook 
or to assume the obvious, which in this case is 
the basic rules of electricity and magnetism 
used to explain synchro operation, it will be 
helpful as an exercise to check the values in 
figure 11-3. To prove the electrical zero condi¬ 
tion as represented by the values in the figure 
we will summarize the rules. 

1. A resultant magnetic field must always 
oppose the inducing magnetic field, (Lenz’s law). 
We can use this law to determine the direction 
of current flow in the stator windings. 

2. With the direction of current flow known, 
the left-hand rule can be used to determine 
magnetic pole established in the stator. 

3. Next we can use the formula 

Es = Emax x cos 8 
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to determine the voltages induced in the stator 
windings. In the formula, Es is the voltage 
induced in a stator winding of a synchro, and 
Emax is the maximum voltage that can be 
induced in a stator. In a standard 115 volt, 
60 Hz synchro, Emax is 52 volts. Theta (q ) 
is the angle between the rotor and the axis 
of the stator winding. You should commit this 
formula to memory. 

Electrical Zero in a 
Control System 

The electrical zero position of the trans¬ 
mitter in a synchro system is identical to the 
TX or TR in a torque system. The receiver in the 
control system, however, must be described in a 
different manner. The output of a CT is the 
voltage induced in the rotor from the stator. 
A control transformer (CT), as the name implies, 
is basically a transformer. Maximum trans¬ 
former action takes place when the windings or 
resultant fields of a transformer are parallel 
to each other. Hence, the electrical zero of 
a CT can be defined as follows: 

With a set of voltages on the stator which 
represent the zero reference signal, the output 
of the rotor is minimum. (Normally it is not 
possible to obtain an absolute zero output due 
to flux leakage. The leakage is slight and will 
not distrub the control system, but we will use 
null rather than zero to describe the electrical 
zero position.) At its electrical zero position, the 
axis of the CT rotor is at a right angle with 
the axis of the resultant stator field. As in 
the case of the TX, it is possible for the rotor 
of a CT to be 180° out and still obtain null 
voltage. The rotor is in the correct electrical 
zero position if, when the rotor is turned slightly 
in a counterclockwise direction, the voltage 
between R1 and R2 is in phase with the voltage 
between S2 and SI or S3. 

Zeroing Procedure 

The procedure used to adjust a synchro to 
its electrical zero position depends upon the 
tools you have and how the synchro is con¬ 
nected in the system. Each synchro is adjusted 
as an individual unit, but its interconnection 
with other units in the system must be con¬ 
sidered. The Military Standardization Handbook, 
Synchros, Description and Operation, MIL-HDBK- 
225 (AS) (which supersedes United States Navy 
Synchros, OP 1303) covers methods for adjust¬ 
ing all types of synchros under various 


conditions. In this discussion we will cover the 
setting of synchros to electrical zero with a volt¬ 
meter. 

One of the major considerations in zeroing 
a synchro is whether its rotor is free to turn 
or not. The synchro handbook covers separate 
methods for synchros with their rotors free to 
turn and for synchros with restrained rotors. 
The voltmeter method, however, can be used in 
either case. An electronic or precision volt¬ 
meter having a 0 to 250 volt and 0 to 5 volt 
range should be used. On the low scale the meter 
should be able to measure voltages as low as 
0.1 volt. 

There are two major steps in the zeroing 
procedure of a synchro. First, the coarse or 
approximate setting is determined, and, second, 
the fine setting is made. The coarse adjustment 
is a check between the correct setting and a 
setting 180° out. Recall from the discussion of 
electrical zero that the difference between the 
two positions determines the phase relation be¬ 
tween the voltages on S2 to SI (or S3) and on 
R1 and R2. The voltages are in phase when the 
rotor is at its electrical zero position, and 
180° out of phase when the rotor position is 
180° away from electrical zero. Hence the coarse 
check provides a means to determine the phase 
relation between the supply voltage and the induced 
voltages in the S2 and SI stator windings. We 
will show you later exactly how this is done. 

Standard synchros have an arrow stamped 
on the stator frame and a reference line scribed 
on the rotor shaft. With the synchro input on 
zero or the reference value, the alignment of 
the arrow and the line on the rotor will set the 
synchro on approximate zero. Thus, with stand¬ 
ard synchros, this is the coarse check. 

The alignment of a synchro system would 
logically start at the origin of the quantity 
being transmitted. For example, assume that 
you wish to align the synchro system which 
transmits director train. Naturally you would 
start at the director where this quantity origi¬ 
nates. The first step in the alignment would 
be to set the director exactly on zero train. 
Next, you would set the director’s train trans¬ 
mitters on their electrical zero position. With 
the transmitters on zero you can now set each 
receiver to its electrical zero. Since director 
train is a basic quantity there will be many 
receivers in the system. But each receiver 
can be adjusted as an individual unit since the 
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electrical zero position is common to the whole 
system. 

With this much out of the way we can now 
get to the meat of the topic — how to zero the 
different types of synchros. Remember, there 
are alternate methods not covered here. 

Zeroing a CX or TX 

Control transmitters (CX) and torque trans¬ 
mitters (TX) are functionally and physically 
identical. Therefore, they are zeroed in the 
same manner. The zeroing procedure is broken 
down into steps as follows: 

1. Carefully set the quantity whose position 
the CX or TX transmits in its zero or reference 
position. This should place the synchro at its 
electrical zero position. 

2. Deenergize the synchro circuit and dis¬ 
connect the stator leads. Set the voltmeter 
to its 0- to 250-volt scale and connect it into 
the synchro circuit as shown in figure 11-4A. 
Figure 11-4B shows the equivalent circuit. Many 
synchro systems are energized by individual 
switches. Hence the instrument may be off but 
the synchros energized. Be sure the synchro 
power is off before working on the connections. 

3. Energize the synchro circuit and turn 
the stator or rotor until the meter reads about 


37 volts (15 volts for 26-volt synchros). This 
is the coarse setting and positions the synchro 
approximately on electrical zero. While doing 
this step, check that the quantity has not moved 
off its reference position. 

4. Deenergize the synchro circuit and con¬ 
nect the meter as shown in figure 11-5. 

5. Energize the synchro circuit and adjust 
the rotor for null, or minimum voltage* The 
final voltage reading should be taken on the 
0- to 5-volt scale of the meter. After the 
synchro has been set and the adjustment secured, 
recheck the quantity’s position and the meter 
reading. 

Zeroing a TR 

In many installations a torque receiver (TR) 
has a free rotor. A synchro with a free rotor 
can be zeroed by a simple method with no special 
equipment needed. This method, called an elec¬ 
tric lock, requires only several short pieces of 
wire to be used as jumpers. Even they can be 
eliminated if the synchro leads are long enough. 
Essentially all you need is a source of eleo-i 
tricity. 4 

4 

Figure 11-6 shows the synchro connections! 
for an electric lock. SI and S3 are connected! 
together; therefore, the voltage between them is! 
zero. SI and S3 are then connected to R2. S2 is! 



« 


* 

1 . 120.2 
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1.120.1 

Figure 11-5.— Fine zero check for a TX or CX. 


umpered to Rl; therefore, both have the same 
>hase. There is a similarity between this method 
i zeroing a synchro and the definition of elec- 
rical zero. When power is applied to the synchro, 
be rotor will snap to the electrical zero position, 
low you can align the dial, pointer, or any other 
evice which is associated with the synchro, to 
•s reference position. But do it quickly — take 
o longer than TWO minutes. Remember, the 
ntire line voltage, 26 or 115 volts, is dropped 
cross the stator windings, which are now in 
irallel with the rotor winding. 


S2 



1.119A 

gure 11-6. — Connections for an electric lock. 


The electric lock can be used only with 
synchros whose rotor is free to turn. If the 
rotor is not free, the voltmeter method, as 
described for the TX, may be used. A simple 
check on the common electrical zero position of 
a synchro system can be done with a jumper. 
Put the transmitter and receiver on zero and 
intermittently jumper SI and S3 at the receiver. 
The receiver should not move. If it does, the 
transmitter is not on zero and should be re¬ 
checked. 

Zeroing a CT 

The rotor of a control transformer (CT) 
is not free to turn; therefore, we will use the 
voltmeter method. The zeroing procedure is as 
follows: 

1. Position the unit associated with the CT 
at its zero or reference position. 

2. Remove the connections from the CT and 
reconnect as shown in figure 11-7. 

3. Adjust the rotor or stator to obtain mini¬ 
mum voltage reading. This is the coarse check. 

4. Reconnect the CT and meter as shown in 
figure 11-8 for fine setting. 

5. Adjust the CT for a minimum or null voltage 
reading. After the adjustment is secured, check 
to make sure the meter reading has not changed. 

Here again, as in the electric lock procedure, 
the 115- or 26-V supply is dropped across the 
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1.120.1 

Figure 11-8.— Fine zero check for a CT. 


ator windings. Consequently, there is the danger 
overheating and permanent damage to the 
nchro if it is connected in this manner for more 
an two minutes. This danger can be avoided 
a 78-V instead of 115-V, and a 10.2-V instead 
26-V supply is used. Unfortunately a 78-V 

• 10.2-V supply is not usually obtainable on 
e job. 

Lectrical Zero for Differentials 

A differential modifies the information in 
e synchro system. Therefore, a differential is 
i zero if the information can pass through it 
Lthout a change in value. In the electrical 
sro position the axes of the R2 and S2 windings 
>incide. 

To zero a torque differential transmitter, 
'DX), a control differential transmitter (CDX), 

• a torque differential receiver (TDR), using 
voltmeter, proceed as follows. 

1. Set the quantity whose position the TDX 

• CDX transmits accurately in its zero or 
iference position. 

2. Disconnect the differential, set the volt- 
eter on its 0- to 250-volt scale, and connect 
> shown in figure 11-9. 

3. Turn the stator until the meter reading 
minimum. The differential is now on ap- 

■oximate electrical zero. This is the coarse 
Iting. 

4. Reconnect as shown in figure 11-10 for the 
\e setting. Turn the stator until a null reading 

obtained. The meter should be on the 0- to 
volt scale for the null voltage reading. Secure 
e stator and recheck the null voltage. 



or CDX. 


SYNCHRO CAPACITORS 

i 

When a synchro differential or a contr<jl 
transformer is connected to a transmitter, the 
transmitter must supply the stator currents 
to the other synchro. Remember, the rotor 
of a differential or a control transformer is 
not energized by the line voltage. Therefore, 
their stator windings are inductive loads on the 
transmitter. In a-c circuits the current through 
a coil lags the applied voltage by an amount'® 
time determined by the coil impedance. Tlfc 
effective power of a circuit in which the voltagb 
and the current are out of phase is less thih 
the volt-ampere product. 

A capacitor connected across the coil wiD 
reduce the out-of-phase current in the circuit, 



or CDX. 
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If the capacitive reactance of the capacitor is 
equal to the inductive reactance of the coil, the 
two will cancel. The resultant current in the 
circuit would be determined solely by the d-c 
resistance of the coil winding. 

A synchro capacitor bank consists of three 
equal delta-connected capacitors (fig. 11-11A). 
The capacitors are connected in parallel with 
the stator windings of a synchro differential 
or control transformer (fig. 11-1 IB). The stator 
currents drawn from the transmitter are re¬ 
duced, and when the synchros are in correspon¬ 
dence, the transmitter supplies only the current 
due to the windings’ resistance. 

The rotor of a torque receiver is energized 
by line voltage. Currents present in the stator 
circuits of a TX-TR synchro system are a 
result of a voltage difference between the stators. 
If the synchros are in correspondence, there 
is no voltage difference and hence no current 
in the stator circuits. Therefore, capacitors are 
not required in a TX-TR synchro system. 


SYNCHRO SYSTEM ACCURACY 


Fire control systems are extremely accurate, 
but a system’s accuracy can not be greater than 
the accuracy of any of its parts. A system’s 
accuracy depends on the accuracy of its instru¬ 
ments and their associated data transmission 
3ystems. Therefore, the accuracy of a synchro 
3ystem which transmits data between instruments 
s important. 



Synchro Errors 

A perfect synchro has never been made. 
Synchros will always contain some errors due 
to manufacturing inaccuracies and assembly. 
For every physical position of a synchro rotor 
there is a corresponding electrical position. 
For example, if the rotor of a perfect synchro 
transmitter is at 30°, as shown in figure 11-12, 
the voltages you will read across the stator 
terminals will be as follows: 

SI to S2 — 90 volts and 180° out of phase 
with R1-R2. 

51 to S3 — 45 volts and in phase with R1-R2. 

52 to S3—45 volts and in phase with R1-R2. 

These stator voltages and phase relationships 
are unique for 30°rotor position.(See fig. 11-12B.) 
These quantities will not be obtained at any 
other position of the rotor. But, as noted before, 
synchros are not perfect. Any difference between 
the actual physical position of the rotor and the 
electrical position is known as electrical error. 
(Sometimes the electrical error is called static 
accuracy.) It is possible to get the voltage 
readings and phase relationships listed above 
when the rotor of a real synchro is at, say, 
30° and 18 minutes. Therefore, the synchro 
has an electrical error of 18 minutes. This is 
a typical error for a control transformer. The 
electrical error for synchro transmitters can be 
that high, but usually it is in the order of 8 
to 15 minutes. 

Consider a practical synchro system con¬ 
sisting of a control transformer and transmitter 
like the system shown in figure 11-13. If both 
units have an electrical error of 18 minutes, 
the total possible electrical error is 36 minutes, 
or a little over half a degree. 

What can cause errors in synchros? Briefly, 
here are some of the causes: 

1. It is impossible to make the three stator 
windings the same. Each winding could have a 
different number of turns, for example. 

2. The rotor and stator assemblies must 
be exactly round. If they are slightly elliptical, 
an electrical error results. 

3. The rotor of a synchro must be put in 
the exact center of the stator bore. If the rotor 
is off center by just a small fraction of an inch, 
then there will be an electrical error. 
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Figure 11-13. — Error in synchro transmission. 


55.15 


A servo is only as accurate as its error 
tector. If there are electrical errors in the 
rvo’s data transmission system, the servo 
tput will reflect the electrical error. Now 
;’s see how electrical errors show up in a 
igle synchro system. 

The pictorial diagram in figure 11-14A shows 
synchro transmitter and control transformer 
nnected in the conventional way. We will 
sume it is a perfect system. It has no elec- 
cal error. Both units are perfect. Notice 
rticularly that all gear ratios are 1:1. That 
if we turn the transmitter handcrank one 
solution, the transmitter rotor will turn one 
solution (360°). Similarly, if you turn the 
' handcrank one revolution, the control trans- 
’mer rotor will turn one revolution. Further- 
ire, assume that the dials on both rotor gear 
les are so accurate that we can read angular 
sition of the respective rotor in minutes of 
2 as well as degrees of rotor angular position. 
Since we have a perfect system, if we put 
i rotor of the transmitter on zero, and then 
■n the crank at the CT end of the system, 
voltmeter connected across the CT R1-R2 
ids will read zero when the CT dial reads 
:o. If we turn the rotor of the transmitter to 
as read on the CX rotor dial, and then turn 
control transmitter handcrank until the volt- 
ter reads zero volts, a glance at the CT dial 
1 show that it reads exactly 5 degrees. You 
i repeat this experiment for every position of 
dial and the result will be that when the 
nsmitter rotor is at a selected position, the 
rotor will be at the same position when the 
tmeter reads zero. In other words, we have 
feet transmission of data. 

But now look what happens when we use actual 
chro units in the system. Assume the synchro 


system contains an accumulated electrical error 
of, say, 36 minutes. The pictorial diagram in 
figure 11-14B shows the same setup as before. 
But instead of perfect synchros, we have re¬ 
placed them with ones that have an electrical 
error of 18 minutes each. If we put the dial 
of the transmitter at zero, we will transmit 
what we think is an electrical signal proportional 
to zero degrees. But to get a null (minimum or 
zero reading of the voltmeter), the CT rotor 
must turn through an angle of 36 minutes. At 
null it is obvious that the two rotors are not 
in the same angular position. The transmitter 
rotor is at its zero position and the control 
transformer rotor is 36 minutes away from 
zero. Now turn back to figure 11-13. Assume 
that the data transmission system shown there 
also has a 36-minute electrical error. If the 
radar operator turned the CX rotor shaft to the 
position corresponding to zero antenna elevation 
order, the power drive servo would position the 
antenna at zero degrees and 36 minutes. The 
antenna is certainly not at the ordered position. 
It is close to it, maybe, but it is not exactly on 
it. For this reason the system we are talking 
about here is called a COARSE system. It trans¬ 
mits approximate angular position information be¬ 
cause the system contains electrical error. But 
antenna power drives must receive very accurate 
aiming information so that the radar beam can 
be pointed in the right direction. Therefore, 
an additional synchro system, called the FINE 
system, is used along with the coarse system. 
To show how a fine system works we can make 
one out of the coarse system we’ve just talked 
about simply by changing gear ratios. 

In figure 11-14C we have done just that. 
Instead of a 1:1 gear ratio between the synchro 
rotors and their handcranks we have installed 
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Ejears with a ratio of 36:1. If we turn either hand- 
srank one revolution, its associated rotor will 
turn 36 times. Also it follows that if we turn 
jither crank one minute, then the rotor geared 
to the crank will turn through 36 minutes of arc. 
tow mentally place both dials at zero. Assume 
hat we have a 36-minute electrical error in the 
(ynchro system. With the increased gear ratio, 
ve only have to move the control transformer 
landcrank one minute to null the voltmeter even 
hough we have a 36-minute error in the system. 
!o, by increasing the gear ratio we have reduced 
he effect of the error 36 times. Remember, in 
to identical situation using a coarse (1:1 ratio) 
ystem we had to move the CT rotor 36 minutes 
o get system null. 

In the preceding discussion about synchro 
ystem electrical error we manually turned the 
IT handcrank which moved the CT until we 
aw a zero reading on the meter dial. Now 
it’s replace the human operator with a servo 
nd show how increased gear ratios improve the 
ccuracy of the synchro system and its associated 
ervo. The diagram in figure 11-15 shows an 
utenna power drive servo controlled by a fine 
pnchro system. Assume there is a 36 minute 
cumulative error in the synchro system. If 
e put the input shaft (CX rotor shaft) at its 
ERO physical position and the antenna at its 
>ro position, the servo will drive the antenna 
rough a ONE minute angle. But, because of 
e 36:1 stepped-up gear ratio between the 
itenna and the CT’s rotor, the rotor of the 
r will turn 36 minutes, cancelling out the 36 — 
inute electrical error. At this point, the volt- 
p at the amplifier input is zero, and the servo 
ops. The important point is that the antenna 
s moved only one minute even though the 
ror in the synchro transmission system is 36 
inutes. Or, you can say the angular position 


between the input and output of the system 
(data transmission system and servo) is one 
minute. If we had used a coarse transmission 
system with a 1:1 gear ratio, the difference 
between the input shaft and the output shaft 
would have been 36 minutes when the servo 
stopped driving the antenna. 

DISADVANTAGES OF 36:1 
SYNCHRO TRANSMISSION 

The main disadvantage of the 36:1 trans¬ 
mission is that the servo is no longer self- 
synchronous. In the 1:1 transmission system the 
output shaft is synchronized with the input shaft 
at only one point. In other words, there is only 
one position the output shaft can assume which 
will allow correspondence between the rotors of 
the CT and the transmitter. However, in the 
36:1 transmission system the output shaft can 
be in correspondence at 36 different positions 
for any one position of the input shaft. For 
example, if the rotor of the transmitter is at 
0° (see fig. 11-15), the output shaft, and conse¬ 
quently the antenna, could be synchronized at 
0°, at 10°, at 20°, and so on, in steps of 10 
degrees. In each of these positions of the out¬ 
put shaft, the control transformer’s output is 
zero, thus bringing the CTinto false correspond¬ 
ence with the transmitter in each case. 

COMBINING THE FINE AND 
COARSE SYSTEMS 

Although the fine system provides high ac¬ 
curacy in a power drive servo, it is seldom 
used by itself since, as you have seen, it does 
not provide true synchronization of the input 
and output at all times. We certainly would 
not want the antenna pointed at 80 degrees. 



55.16 

Figure 11-15. — Decreasing synchro transmission error by increasing gear ratio. 
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when the synchro transmitter rotor shaft was 
at, say, 10 degrees. Therefore, the fine system 
is always combined with a coarse system. The 
fine synchro system provides a very sensitive 
control at times when the error between the 
order signal and the servo output is small. 
Since this is a 36-speed synchro, however, it 
can bring the antenna to any one of 36 positions. 
It is the job of the coarse synchro system to 
bring the antenna close enough to the true 
synchronous position so that it is within the 
range of the fine synchro. You learned how con¬ 
trol was switched between coarse and fine when 
you studied synchronizing circuits in chapter 9. 

ZEROING DUAL-SPEED 
SYNCHRO SYSTEMS 

If a fine and a coarse synchro are used to 
define a quantity’s position, the synchros must 
be zeroed together. As pointed out earlier, the 
coarse synchro will define the position of a 
quantity to within the range of the fine synchro’s 
capability to define the position more precisely. 
From this it can be reasoned that the coarse 
synchro provides the first significant figure in the 
numerical description of the quantity’s position. 
Obviously then the coarse synchro is zeroed 
first. When zeroing the synchros in a system, 
consider each synchro as an individual unit. 
Thus, one of the methods already described 
can be used to zero the coarse synchro. 

The next step after the coarse synchro is 
zeroed is to zero the fine synchro. A fine 
synchro provides the next significant figure in 
the numerical description of the quantity’s po¬ 
sition. The fine synchro is zeroed as an individual 
unit. But the quantity’s zero or reference position 
has already been established with respect to the 
coarse synchro’s electrical zero position. Hence, 
when you zero a fine synchro, the setting of the 
coarse synchro and the quantity must be set 
together. 

There are a few three-speed synchro sys¬ 
tems. These systems are zeroed in the same 
manner as the dual-speed systems. First, es¬ 
tablish the zero position for the synchro which 
provides the most significant figure, and work 
down to the least significant figure. Just re¬ 
member that all the synchros in a system must 
have a common electrical zero position. 

If the synchros in a dual-speed system do 
not have a common zero position, there is a 
definite possibility that the system will not 
synchronize properly. This is not hard to vi¬ 
sualize. For example, assume that the director 


train receivers in the computer are not zeroed 
together. The coarse synchro would drive the 
director train system to its zero position. Since, 
however, this position is not the fine synchro’s 
zero position, it would drive director train to 
its zero position. Hence, the two receivers would 
buck, and the director train in the computer would 
oscillate between the two zero positions. 

The fact that the receivers in a synchro 
system are zeroed together leads us into the 
next subject. 

STICKOFF VOLTAGE 


A servosystem will stop driving when the 
error signal is zero. A CT, however, has two 
positions 180° apart where its output is zero. 
Thus a servosystem controlled by a CT can 
synchronize at either position. This is possible 
in a dual-speed synchro system with an even 
speed ratio. Since both receivers are zeroed 
together both would be at the true correspondence 
and the false correspondence positions together. 
Hence a servosystem could not distinguish be¬ 
tween the two positions. In fire control systems 
where remote and often unattended servosystems 
are used, the possibility that a false synchroni¬ 
zation could occur must be eliminated. 


As mentioned previously, no CT is perfect^ 
and each has an inherent dead space. But thq 
fine signal has little or no dead space to spe 
of. Therefore, the slightest change in the si 
or movement of the servo system’s responaj 
will bring the fine CT out of its dead space, 
Once out of its dead space the fine CT will cause 
the servosystem to drive. You might think then 
that we do not have a false synchronizatio| 
problem. But suppose that when the system 1 
energized the transmitters and receivers 
close to being 180° apart. The coarse si 
would be too weak to assume control of 
system, and the fine CT would have con 
Therefore, the servosystem would drive un 
the fine signal is zero and remain there. T, 
servosystem could not sense the difference tei 
tween 180° and zero synchronization. 

In order to make all positions distingui ^ 
able, a “stickoff” voltage (sometimes caL 
anti-stickoff), is applied to the coarse sign! 
In figure 11-16A the secondary winding of 9 
stickoff transformer is shown in series with9 
coarse CT output. The voltage induced in 9 
secondary of the transformer in effect shifts d 
electrical zero position of the coarse CT. fl| 
coarse CT is rezeroed and is offset from tn 
fine CT by an amount equivalent to the stickq 
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Figure 11-16. —Stickoff voltage in coarse signal circuit. 


12.280 


k*® 8, Ttlis makes the coarse and fine CT 
IqojI 2610 volts at zero degrees but not at 
?• 11- 16B). now, the two positions are 
guishable to the servosystem. 

troubleshooting A SYNCHRO 

SYSTEM 

f casual^ ^scuss the symptoms produced 
les in synchro system. In a later 


chapter of this course, troubleshooting tech¬ 
niques such as the methods used to find a ground, 
short, or open in an electrical circuit are 
covered. Therefore, those techniques will not 
be covered at this time. 

Since a knowledge of operation is a basic 
requirement of maintenance, we will summarize 
synchro operation as related to troubleshooting. 
This will be a review of synchro action since 
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the theory of synchro operation is covered in 
Basic Electricity . 

Information is transmitted in a synchro 
system by voltage variations in the stator cir¬ 
cuits. A synchro receiver compares its stator 
voltages with those of the transmitter’s stator; 
che amplitude and phase of both sets of voltages 
are related to the zero reference position. A 
eceiver reacts to a difference in voltage values 
by producing a torque, in a torque system, or 
passively, in a control system, by an induced 
voltage in its rotor. The receiver reproduces 
the conditions present in the transmitter to 
reconstruct the information. Hence, a synchro 
system is a suppressed-carrier transmission 
system. The modulation of the signal voltages 
represents the information being transmitted. 

Let’s look at a torque system (fig. 11-17). 
At correspondence the induced voltages in the 
two SI coils are equal; the induced voltages in 
the two S2 coils are equal; and the induced volt¬ 
ages in the two S3 coils are equal. Since the 
stator voltages are bucking and equal, they 
cancel each other. The result is: no resultant 
voltages on the stator windings andNOCURRENT 
in the stators. 

But remember that the transmitter rotor is 
turned and held in position mechanically, where¬ 
as the receiver rotor is free to turn. Now, if 
the two rotors are NOT displaced by the same 
amount, the voltages across Sl-Sl, S2-S2, and 


SYNCHRO SYNCHRO 
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Figure 11-17. —Torque synchro system. 


S3-S3 are NOT equal. And the unequal voltages 
set up currents in the stator windings. TheflW 
currents create stator flux fields that exBrt! 
TORQUE on the rotors. Result—the transmitted 
rotor remains stationary because it is heM 
mechanically, but the receiver rotor is turnefi 
by the torque. The torque turns the receiver 
rotor until its position corresponds to that tif 
the transmitter rotor. Thus the receiver follora 
every move of the transmitter. I 

Obviously the receiver’s supply voltage musi 
be identical to the transmitter’s. Normally boti 
are supplied from the same source. A synchfg 
by the way, is not a three-phase device, thoup 
you may get that impression from the 120° spac¬ 
ing of the stator windings. Synchro supply if 
from a single-phase, a-c power source. 


In explaining synchro operation terminal voltt 
ages were discussed.Their most important pra« 
tical purpose, however, is to find the electric 
zero position of the rotor. Since the stat 
voltages are proportional to the position of u 
rotor, stator voltage readings are an aid 
troubleshooting. There is a definite set of stati 
voltages for each position of the rotor. Therefor 
a synchro’s operation can be checked by compari 
its voltage readings with its rotor positit 
For example, a voltmeter connected between 1 
and S3 will read minimum voltage at the’ 
and 180° positions of the rotor. Maximum volti 
readings will occur at the 90° and 270° posittoi 
of the rotor. A 


Because synchros have a common electric^ 
zero position, identical casualties will pr< 
identical symptoms in all synchro systei 
Therefore, we can relate an electrical casual 
to the mechanical movement of the rotor, 
by observing the behavior of a synchro’s move 
ments we can localize a casualty to a parti< 
circuit. For example, in a properly zei 
torque system, a short circuit from SI to 
will cause the receiver to stop following 
signal when it is at 0° or 180°. 


We have assured that there is no mecl 
trouble when we observe the receiver’s mot 
This, of course, is not a good assumption^ 
should be checked. Remember that a sync 
generates little torque. To be sure the sync 
is not jammed mechanically, deenergize 
system and turn the rotor by hand. It 
rotate freely throughout its operating arc. 
ease with which the rotor should rotate ltd 
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fitter of judgment, but experience will soon 
ach you how to tell whether a synchro is free 
[ jammed. It is a poor practice to use the 
il to rotate a synchro. The dial is made of 
;ht material, and is easily bent. 

After the mechanical check, the torque pro- 
ced by a synchro can be checked. At corre- 
ondence the torque is zero. With the system 
ergized, a slight rotation of the motor should 
;rease the torque. Vary the input to the re¬ 
iver, so as to turn it through its complete 
^rational arc, stopping at approximately 60° 
ervals. Observe how the receiver follows the 
jnal, and at each stop check the torque. 

»ENS, SHORTS, AND REVERSALS 

In a synchro system the transmitted infor- 
ition is reconstructed in the receiver by the 
Ltor’s resultant magnetic fields acting on the 
»r*s magnetic fields. The stator windings are 
Really located 120° apart. Therefore, it is 
^cal to assume that each stator winding has 
arc in which it exercises a predominant 
e in reconstructing the transmitted infor- 
tion. Hence casualties such as opens, shorts, 
reversals can be correlated with the trans¬ 
ited signal position and the reaction of the 
seiver. In the Military Standarization Hand- 
>k; Synchros, Description and Operation, MIL- 
BK-225 (AS); casualty symptoms are tabulated 
this manner. Since this synchro handbook 
►uld be available to you, the tables will not 
repeated here. 

The maintenance techniques for finding a 
lualty in an electrical circuit are covered 
jr in this manual. 

4CHRO CONTROL SYSTEMS 

In a synchro control system the rotor of 
; CT is not energized by the supply voltage. 
) CT stator windings are connected in parallel 
i the CX stator windings. Thus, the currents 
sent in the CT stator are proportional to 
currents in the CX stator. The magnetic 
ds in the CT are a reproduction of the CX 
*>r fields. The output of a CT is the voltage 
iced in its rotor. A comparison of the signal 
it with rotor voltage will check the operation 
CT. 

jtective devices 


These receiver* are located at the various fire 
control station* throughout the ship. Because 
all the receiver* of each system are in parallel, 
a fault such a* an overload or short circuit in 
one instrument affects the operation of the entire 
system. When trouble occurs in such a system, 
it is difficult to determine which unit is faulty. 
The use of overload and blown-fuse indicators 
provides a mean* of locating the faulty instru¬ 
ment. Variou* types of blown-fuse indicators 
are used. Theee devices usually employ small 
neon-glow indicator* in parallel with the fuse 
element. Overload* are indicated by a trouble 
light that is operated by a small transformer 
located in the switch panels on the fire control 
switchboard. 

REFERENCES 

The theory, application, classification, and 
maintenance of all types of synchros are covered 
in more detail in Military Standardization Hand¬ 
book; Synchro*, Description and Operation, MIL- 
HDBK-225 (AS); and in Basic Electricity, 
NAVEDTRA 10086-B. 


RESOLVER SYSTEMS 

You have already learned something about 
resolvers in chapters 5 and 6 of this training 
course. As you know, a resolver is a variable 
transformer capable of unlimited rotation. In 
its most common form it consists of a stator 
and rotor, each wound with two separate coils 
placed precisely at right angles to each other. The 
two stator windings are normally stationary, 
and serve in some applications as the primaries. 
However, they may be used as secondary wind¬ 
ings in other types of resolvers. The rotor 
windings serve also as secondaries or primary 
windings, depending on type and application of 
the resolver. The rotor assembly can be rotated 
with respect to the stator windings. Some 
resolvers have separate connections for each 
winding; other* use one common lead for the 
primaries and another for the secondary. The 
common lead is usually connected to ground. 
Some type8 have extra windings for feedback, 
and others leave out either one primary winding 
or the secondary. 

RESOLVER APPLICATION 


Most synchro systems have one transmitter Resolvers are used extensively in computers, 

;ransmit information to several receivers. coordinate converters, in some radar sets, in 
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weapon direction equipment, target designation 
equipment, and for data transmission. These de¬ 
vices perform electrical computations involving 
(1), resolution, (2) composition, and (3) combina¬ 
tion. You are familiar with the first two operations 
through your studies in chapter 6. However, let’s 
briefly review them. 


RESOLVER OPERATION 


If you apply an alternating voltage, labeled 
E in figure 11-18A, to the rotor winding, the 
output voltages from the two stator windings 
will be sine and cosine functions respectively 
of the angular position (0 ) of the rotor. In other 
words, as shown in figure 11-18, they will be 
equal to E sine (0 ) and E cosine 0 . Referring 
to the vector triangle in part B of figure 11-18, 
where the vector E is drawn as the resultant or 
hypotenuse of the triangle, you can see that the 
resolver actually breaks down or resolves vector 
E into its two rectangular components. This proc¬ 
ess is called resolution of vectors. 

You can look at vector resolution from another 
point of view. In the previous example a vector 
was given in polar coordinates. The length of 
the vector represents magnitude and an angle 
0 direction. The resolver breaks down the vector 
into rectangular components. Now, in the place 
of the word components, you can substitute the 
word coordinates. This term is just as correct 
as components. Therefore, you can say that 


another function of a resolver is to conver 
coordinates — in this case polar to rectangular 

Still another point of view can be considered 
You know from your study of trigonometry tht 
if you are given one side of a right triangle m 
an adjacent angle, you can find the other tw 
sides. In our example, the resolver was giwi 
one side (E, the hypotenuse) and an adjaced 
angle (0). The output of the resolver is -01 
length of the other two sides. Thus, you can 6a 
that a resolver can solve for two unknowns in 
right triangle. 

Now, let’s make our resolver work bade 
wards. If you apply two in-phase voltages to tii 
stator windings with the polarity and magnitud 
shown in figure 11-19A and then rotate the rota 
by hand, or a servo, to the given angle, the oul 
put from the rotor will be 5 volts. The outp 
voltage is the vector sum of the A and B voltagei 
This process is called composition. The geometi 
of the problem is shown in figure 11-19B, Aga 
note the transformation of information fra 
one coordinate system to another. In this call 
rectangular coordinates are changed to poll 
coordinates. 

Combination consists of performing resolutij 
and composition simultaneously. This requin 
the use of more than one resolver. 

It can be seen from this discussion that thSi 
is a defeinite relationship between the mechanid 
input and the electrical outputs of a resoln 
Therefore, we can use them to develop anafi 
scaled, signal voltages in data transmissi 
systems. Resolvers have this feature in comm 
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Figure 11-18. — The resolution of an a-c voltage 
which represents a vector. 
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i with synchros, but resolvers are more accurate constant under varying loads and d-c supply 
* and much more versatile. voltages. 


re 

5 RESOLVER COMPENSATORS 
3 

j. Voltage regulation is very important because 

* the resolver voltages represent functions and 
i- quantities in the fire control problem. If the 
f voltage regulation is poor, the resolver will 
f introduce errors into the problem. But resolvers 
s are variable transformers, and changes in the 

angular position of the rotor will change the 
y impedance or load as seen by the stator windings. 
f Thus, the current in the resolver will vary and 
affect the magnitude and the phase of the resolver 
P voltages. 

•. The calibrating resistors shown in figure 5-34 

• are precision resistors that serve two purposes, 
y First, they compensate for voltage inaccuracies 
t in the winding and phase shifts introduced by load 
^changes. Second, they are used to standardize the 
electrical characteristics of a resolver type, 
jl To increase a resolver’s accuracy, its input 

voltages are supplied through compensators. 
^These are regulating circuits consisting of re¬ 
actance and resistance components in series with 
the resolver windings. Their purpose is to make 
the input voltages independent of the varying 
current in the circuit. 

/ 

i 

BOOSTER AMPLIFIERS 


To reduce the voltage regulation troubles in 
circuits where the output of one resolver is the 
Input to another resolver, a booster amplifier 
Is connected between the resolvers. The ampli¬ 
fier has a high input impedance and a low out¬ 
put impedance, and acts as an isolation circuit. 
1 is essentially a power amplifier with approxi¬ 
mately unity voltage gain and a zero phase 
'aift. Thus, the amplifier can supply an appre¬ 
ciable amount of power to its output circuit 
fhile drawing only a negligible amount of power 
com its input circuit. Consequently, variations 
a the load are compensated for in the amplifier, 
the signal voltage to the receiver resolver 
as the correct magnitude and phase. 

^J 1 ® re,s one thing you’ll find in every booster 
Plifier — nearly 100 percent negative feedback. 
, ® what makes them voltage regulators. 

, g, y® Redback is used because of its ability 
bilize a circuit and maintain the gain 


ZEROING A RESOLVER 


There are many methods used to zero re¬ 
solvers. Each manufacturer has his own method. 
The method described below uses the basic 
principles underlying all the different resolver 
zeroing methods. 

Before a resolver can solve a problem, it 
must have a reference position from which the 
input values are measured. This is the zero 
position of the resolver. The zero position of 
a resolver is determined by the angular re¬ 
lationship between the rotor and stator windings. 
Each stator winding must be perpendicular to a 
corresponding rotor winding. When this rela¬ 
tionship is established, there will be no magnetic 
coupling between corresponding windings. 

The absence of a magnetic coupling between 
corresponding rotor and stator windings is pos¬ 
sible at two positions 180° apart. To ensure 
the correct position, so that the phase relation¬ 
ship between the rotor and stator is correct, 
the coarse zero test is made first. Figure 
11-20A shows the connections for the coarse 
zero test. The voltage applied to the stator 
winding - S3 is a reference voltage specified 
for the resolver. The two windings are con¬ 
nected in parallel by the voltmeter and the 
jumper. The voltmeter will read the applied 
voltage, plus or minus any voltage induced in 
the rotor winding. The jumper across the wind¬ 
ing S2 - S4 is to eliminate any stray voltage that 
might originate from that winding. 

To make the coarse zero adjustment, loosen 
the flange mounting screws of the stator. Look¬ 
ing at the rear (brush end), turn the stator counter¬ 
clockwise. Stop turning when the voltmeter reads 
the input voltage, E. At this point you know the 
r 2 ” r 4 coil bas no induced voltage because the 
voltmeter reads the input voltage alone. This 
means that the R2 - R4 is approximately at right 
angles to S^ - S3, and the rotor is at coarse 
zero. 

With the voltmeter reading the E voltage, 
turn the stator a little beyond coarse zero. The 
voltage at the voltmeter should INCREASE ABOVE 
E, because the voltage induced intheR2“R4 coils 
adds to E. Be sure the voltage at the voltmeter 
increases to prevent zeroing at 180° out of phase. 

The next step is to set the resolver on fine 
zero. Figure 11-20B shows you how to recon¬ 
nect the jumper and voltmeter. Turn the stator 


so that the voltage on the voltmeter decreases, 
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Figure 11-20. — A. Coarse zero; B. Fine zero. 
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and keep shifting the meter to the lower scales 
until the minimum voltage reading is obtained. 
The minimum voltage reading means that 
R2 - R4 is exactly at right angles to Si - S2, and 
the rotor is at fine zero. Recheck this voltage 
after you secure the mounting screws. 


RESOLVER MAINTENANCE 


The maintenance of resolvers consists mainly 
of testing and replacement. Internal repair of 
a resolver normally should not be attempted 
aboard ship. A resolver is a precision com¬ 
ponent, whose electrical characteristics are criti¬ 
cal, and any deviation may result in excessive 
errors in the system. The procedures for test¬ 
ing resolvers are covered in your system or 
instrument OP. Here we will discuss the general 
principles involved. 

The test run on a component is determined 
by the functions it performs in a system or 
circuit. Therefore, if we know the function and 
operation of a component, the test that checks 
it can be readily understood. This is elementary 
and, of course, will hold true for resolver tests. 
In fact, we could go back to the zeroing procedure 
and just about leave it at that, for resolver 
maintenance starts and ends with alignment 
tests. 

If you understand how to zero a resolver, you 
will have no trouble understanding the operational 
tests of a resolver. The zero position is our 


reference point for these test. These mechanical 
inputs to the resolver are positioned at a known 
angle and a voltage reading is taken. The input 
voltage, which usually is a reference voltage 1 
set at a predetermined value, is checked first. 
Then the resolver’s output voltages are read an^ 
the voltage values are listed in the OP. If yafl 
study them, you will find the output voltages ar£ 
related to the input voltages by the sine and cog 
sine functions of the angular input. For tiff’ 
test to be accurate, be sure the exact reference 
voltage is used. Moreover, if the wrong voltag£ 
is used, it is quite possible you will damage sonffij 
of the components in the circuit. The OP will 
specify the type of meter to use in the test since 
the accuracy of the meter is an important con¬ 
sideration. 

Frequently, the OP will list the resistance 
reading of the resolver windings. These are 
given for testing only; no repair aboard ship is 
intended. If it is necessary to replace a re¬ 
solver, be sure the replacement is of the same 
type. The resolver’s compensating resistors 
are used to standardize a resolver type. There¬ 
fore, do not attempt to adjust these unless the 
OP gives definite instructions on it. The same 
holds true for the resolver’s compensating' 
circuits. 


STEP TRANSMISSION SYSTEM 

A step transmitter and a step motor are used 
together to transmit angular motion between 
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emote locations. The shaft of the step trans¬ 
litter is rotated, and periodically switches a 
-c excitation voltage from one pair of coils 
) another in the step motor. The step motor, 
hich is the receiver in the system, responds 
> this varying excitation by rotating an amount 
lat is proportional to the transmitter’s motion. 

The step transmitter (fig. 11-21) has an in- 
llation frame, a shaft, an eccentrically mounted 
lorting ring, and four contacts. The shorting 
ng is surrounded by the four contacts, when 


are fastened to the ends of flat, conducting 
spring arms. Each spring is secured in a slot 
in the insulated frame. During a complete revolu¬ 
tion of the step transmitter’s shaft (fig. 11-22), 
brushes 1, 2, and 3 come in contact with the 
shorting ring in a sequence. But brush C is in 
contact with the shorting ring at all times. One 
side of the d-c supply voltage is connected 
through brush C to the shorting ring. As the 
shaft is rotated, one side of the supply voltage 
is connected to the other brushes in a definite 
order. 

The stator of the step motor has six field 
coils spaced 60 degrees apart. The coils are 
connected in three groups of two coils each 
(fig. 11-22), with opposite coils being connected 
in series. One end of each pair of coils is 
connected to one of the brushes in the step 
transmitter. The other end of the coils is con¬ 
nected to the other side of the d-c supply 
voltage through a common lead. As the rotor 
of the step transmitter is turned, the circuits 
to the field coils in the step motor are ener¬ 
gized in a sequence. A rotating stator field is 
produced in the motor. Since the field’s ro¬ 
tation is determined by the brushes in the 
transmitter, the motor moves in increments or 
steps rather than smoothly. 

The rotor of the step motor (fig. 11-23) 
is made of a mu-metal, soft iron, and has four 
projections in the form of a cross along its 
length. As the stator field rotates, the field’s 
lines of flux cause the rotor to turn so as to 
provide a path of least reluctance for the mag¬ 
netic field. Figure 11-23 graphically illustrates 


STEP MOTOR 
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Figure 11-22. —Interconnections for a step motor and a step transmitter. 
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STEP A 






Figure 11-23. — Step motor action. 


166 , 


the sequence of the steps, while table 11-2 lists 
the steps and the conditions that exist during a 
complete revolution of the step transmitter. Note 
that the step motor’s rotation is only a quarter 
of the step transmitter’s rotation. 

Diodes are used with the step motor as spark 
suppressors (fig. 11-22). Diodes CR1, CR2, and 
CR3 act as a short circuit when a voltage is pro¬ 
duced opposite to that applied to the coils of the 
step motor. If the coils of the step motor produce 
a voltage larger than that applied, diodes CR4, 
CR5, and CR6 appear open. 

A step transmission system is not self¬ 
synchronizing and its limited number of steps 


does not permit a quantity to be transmit!* 
smoothly. This type of transmission system* 
cheap, rugged, and relatively powerful. 
used where exact linear transmission is n 
required. 


BALANCED BRIDGE CIRCUITS 


Balanced bridge circuits are used to trangj 
information between remote instruments. Ira 
principles of operation are identical to the bra 
circuits used in electrical measuring devio 
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Table 11-2. —Step by step summary of the action 


Steps 

Degrees of Transmitter 

Contacts 

Coils 

Position of 


Rotation 

Made 

Energized 

Rotor Reference 

A 

0-60 

1 

1 & 1A 

0° 

B 

60-120 

1 & 2 

1 & 1A 

2 & 2A 

15° 

C 

120-180 

2 

2 & 2A 

30° 

D 

180-240 

2 & 3 

2 & 2A 

3 & 3A 

45° 

E 

240-300 

3 

3 & 3A 

60° 

F 

300-360 

3 & 1 

3 & 3A 

1 & 1A 

75° 


Step A. Coils 1 and 1A are energized, and the nearest rotor pole is drawn into alignment. 

Step B. Coils 1 and 1A and 2 and 2A are energized. There are 90° between rotor poles 
and only 60° between stator-field poles. Therefore, the rotor, in aligning itself so as to present 
the path of least reluctance, moves midway between the field coils, or a distance of 15 degrees. 

Step C. Coils 2 and 2A are energized. The rotor moves an additional 15° to line up its 
poles with those of the field coils. 

Steps D, E, and F. The rotor moves an additional 15° each step in the manner described 


above. 

.Wheatstone Bridge) covered in Basic Electricity . 
\ balanced bridge circuit consists of two identical 
)otentiometers connected in parallel with a com- 
hon source of supply (fig. 11-24). The wiper arms 
>f the potentiometers are interconnected through 
i signal circuit which includes an input trans- 
ormer in a servosystem. If the wiper arms are 
lot at the same potential, current will flow through 
he signal circuit. The amount and direction of 
he current flow are determined by the potential 
lifference of the wiper arms. 

Assume that we wish to transmit range rate, 
diich is measured in a radar receiver, to a 
lomputer. The device which measures range 
*ate positions the wiper arm of the potentiometer 
nthe radar receiver (fig. 11-24). The range rate 
lervosystem in the computer will drive the 
ollowup potentiometer’s wiper arm until there 
s no current in the signal circuit. This condi- 
ion will occur when both arms are at the same 
otential and hence at the same position on their 
•otentiometers. Thus the followup wiper arm 
dll follow any movement of the signal arm. 

Since range rate can be either negative or 
ositive, the potentiometers are grounded at 
beir centers. The grounded positions of the 
otentiometers represent zero range rate. The 


167.140 

grounds constitute a phantom connection between 
the centers of the potentiometers. When the 
wiper arms are in the section of the potenti¬ 
ometers below the grounds, range rate is nega¬ 
tive, while above the grounds range rate is 
positive. When the wiper arms are on the grounds 
the phantom connection shunts out the signal 
circuit. 


DIGITAL TRANSMISSION SYSTEMS 

Data in digital form is fast becoming an 
important factor in the missile fire control 
area. Digital ranging units have been developed 
for missile radar systems. Analog fire con¬ 
trol computers are being replaced by digital 
computers. Some Weapon Control Stations al¬ 
ready have operational digital computers for 
data processing. Therefore, a discussion of 
digital data transmission techniques is appro¬ 
priate at this time. As you study these tech¬ 
niques, you’ll find that they are closely related 
to information that was presented in chapter 7. 
In this chapter, we will enlarge upon that infor¬ 
mation and place greater emphasis upon the 
transfer of digital data between equipment. 
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Figure 11-24. —Balanced bridge circuit. 


12.282 


DIGITAL DATA REPRESENTATION 

Before studying the methods used to ensure 
accurate transfer of data from equipment to 
equipment, it is first necessary to understand 
clearly the method used to represent data. To 
explain this we will consider a system which 
uses the two-level method of pulse representa¬ 
tion. 

Each computer word contains digits, the 
number dependent upon design. In figure 11-25A 
it is shown that a word contains a number of bits, 
again, dependent on design. Once the bits-per- 
digit and digits-per-word are established in a 
computer which uses a fixed word length, each 
computer word will contain the same number of 
bit positions. Thus, all words in a fixed word 
length computer are of constant duration. 

Bit Parallel-D i jA t Parallel 

The method of data transfer as illustrated 
in figure 11-25A is called the bit parallel-digit 
parallel or fully parallel method of transfer. 
With this method a word can be transferred 
(either recorded or written) in one bit-time. 
Obviously this method provides for fast transfer, 
but requires the use of separate lines (and 
associated circuitry) for each bit contained in 
the word. 


Bit Parallel-Digit Serial 

The method illustrated in figure 11-25B is 
called bit parallel-digit serial. To illustrate 
how this method of notation is derived, each 
bit has been assigned a number and it is under¬ 
stood that bits represented up and down the page 
are transferred simultaneously (four at a time) 
while bits represented across the page are 
transferred in sequential bit-times. 

Bit Serial-Digit Serial 

In the fully serial, or bit serial-digit serial, 
method of transfer (fig. 11-25C) all bits in the 
word (and, therefore, all digits) are transferred 
sequentially. All bits are transferred over a 
single line and use a single transfer circuit. 
Although circuit requirements are simplified 
by using this method, more time is required to 
transfer a single word. 

Because of time consideration as discusstid 
above, fully serial computers are not wictefy 
used. In many cases,however, fundamental timid| 
techniques used in computers (both serial arid 
parallel) are sometimes more easily or more 
clearly explained assuming serial operation and 
using serial circuitry. For example, if it were 
considered necessary to explain in detail the 
operation of all circuits used in the transfer of 
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bit parallel-digit parallel data, it would be 
simpler to explain the action by using a single 
circuit and a single (recurring) bit input. 

ANALOG/DIGITAL AND DIGITAL/ANALOG 
CONVERSIONS 

Most of the equipment in today’s fire control 
systems develop data in analog form. In order 
for a digital computer to communicate with equip¬ 
ment analogous in nature, a means of con¬ 
verting data from one form to the other is 
necessary. Conversion equipment is within the 
area of your responsibility so you must know 
conversion techniques. Basic conversion devices 
(encoders and decoders) were briefly presented 
in chapter 7. At this time, however, let’s examine 
them in greater detail. 

Analog-To-Digital Conversion 

An analog-to-digital converter is defined as 
a device that receives an analog input and supplies 
a digital output. A converter of this type is 
capable of accepting instantaneous values of a 
constantly changing variable and expressing these 
values in incremental form. The converter may or 
may not perform some computation in addition to 
its primary function of data conversion. 

The process of analog to digital conversions 
is not uncommon. Our minds make hundreds 
of analog-digital conversions each day. For 
example, if you ask a young child what time it 
is, he will probably look at a clock and tell you 
that the long hand is near the six and the short 
hand is near the four. The child is performing 
the function of data transmission, not data con¬ 
version. He is accepting the instantaneous value 
of the constantly moving hands of the clock, but he 
is transmitting the information in analog, not 
digital, form. The data which the child trans¬ 
mitted is converted into numerical values, in 
this case, 4:30. You, the inquirer, are there¬ 
fore performing the analog-to-digital conversion, 
the child is not. 

Care must be taken to avoid confusing truly 
digital readouts with others that merely appear 
to be digital. The needle of a voltmeter or the 
pointer on an automobile speedometer provides 
analog data by indicating the instantaneous value 
of volts or miles per hour in a constantly chang¬ 
ing manner. It is only by reading these meters 
and assigning numerical values that a truly digital 
readout is obtained. Just as in the example 
of the clock, the human observer is serving 
as the analog-to-digital converter. Similarly, 


the type of data that is obtained from a micro¬ 
meter scale or from the mercury column of a 
thermometer is analog in nature, until converted 
by the reader. The accuracy of each of these de¬ 
vices is, in large measure, a function of the 
ability of the reader to convert the information 
accurately from analog to digital form. 

On the other hand, mechanical counters such 
as those commonly used to count the number of 
people entering a building provide a true digital 
readout. No great amount of skill is required 
for reading such a device because its accuracy 
does not depend on the reader, but upon its 
design. If each clock of the counter corresponds 
to a count of one, no amount of skill on the part 
of the reader will increase its inherent precision. 

MECHANICAL TECHNIQUES. —Probably the 
simplest method of converting analog information, 
such as shaft rotation, into digital form is the 
obvious method of connecting the shaft through 
a gear drive to a decade counter. This process 
is sometimes called shaft rotation digitation, 
since each rotation of the shaft is explained 
in digital form. One common application of the 
gear drive and counter method of conversion is 
used by the mileage counter (odometer) of an 
automobile. 


In addition to providing a digital readout 
from analog data, the odometer also performs 
some simple analog computing. The basic in¬ 
formation is the rotation of a shaft. A gear train 
multiplies this by the correct constant to produce 
miles per revolution. The data are still in 
analog form. After multiplication, the data are 
summed by the counter and displayed in digital 
form to represent the total miles traveled. The 
original input is analog, the computing is per¬ 
formed by means of analog techniques, but the 
readout is digital. 

This technique is also used in various other 
applications. Many airborne and ship-based analog 
computers used in bombing, navigation, or fdfe 
control applications, use this form of readout 
both for output indications and for an indicatijfe 
of input information that has been cranked^ 
manually. Although this technique is simple- 1 ^® 
widely used, it is of rather limited value^R 
can be used for readout or readin purpqSre 
only. Since the digital output must be visu&nf 
observed on the counter wheels, it cannbt^l 
used to feed another computer except thrdtift 
a human operator. In fact, this technique is 3K 
suitable for automatic operation. 
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Shaft-Position Digitation by Geared Coun¬ 
ter.—Shaft position digitation is defined as the 
process of converting and expressing the in¬ 
stantaneous position of a shaft in digital form. 
The simplest method of shaft-position digitation 
is similar to the technique that has been de¬ 
scribed in connection with shaft-rotation digi¬ 
tation. In the shaft rotation method, where the 
total revolutions or a function of total revolu¬ 
tions is to be read out, a decade type counter is 
used in order to obtain relatively high readings. 
For position indication, only f 'datively small 
number of positions is required. It is therefore 
possible to use only one counter wheel which 
contains as many digits as may be desired, each 
digit representing a definite rotary position of 
the shaft. 

If the number of positions is very large, a 
decade type counter would be helpful. The use of 
seven counter wheels could theoretically produce 
extremely fine readings, with a resolution as 
fine as one second of arc. Two of the wheels 
could be used to produce the readings from 00 
to 60 seconds; the next two to the left could read 
from 00 to 60 minutes; and the last three from 
000 to 360 degrees. 

Unfortunately, the similarities between this 
technique and the preceding one also reveal the 
limitations involved, since this method also 
provides only a readout or readin device. 

Shaft-Position Digitation By Mechanical 
Switching. —A device that is more useful than the 
previous devices in at least one respect can 
be devised by replacing the counter with a 
mechanical switching arrangement. Either cam- 
operated sensitive switches or a multipurpose 
rotary switch can be used. With this method, 
the output is electrical, although the device is 
basically mechanical. If each switch or tap feeds 
separate lines, the various output signals will 
correspond to each separate shaft position. The 
Bignals could be used either as an input to 
some type of computing device, or to feed 
numbered output lamps. 

A disadvantage of this device is the physical 
limitation associated with the number of posi¬ 
tions that can be read out. Each additional 
K>sition requires the addition of another sensitive 
switch, or the use of a larger rotary switch, plus 
mother lamp. Although such a device might be 
practical for applications such as calling out 
sixteen main points of a compass, any greater 
umber of points would require the use of either 
^additional coding device or an entirely differ- 
int technique. 


ELECTRICAL TECHNIQUES. — Electrical and 
mechanical techniques for analog-to-digital con¬ 
versions are similar in some respects, but 
there are important differences. They both 
convert or “encode” analog inputs into digital 
outputs. Both types usually make use of a 
particular zero value setting as a reference 
point. 

Two commonly used methods of performing 
analog-to-digital conversion by electrical means 
are the comparison method (explained in chapter 
7) and the coding tube method explained here. 

Coding Tube Method. — The coding tube method 
uses a specially designed cathode-ray tube (fig. 
11-26). The special features of the tube are in 
the form of a grid, which contains rows of coded 
slots, and a special sensing element. 

The coding tube method of performing analog- 
to-digital conversion consists of the following 
operations. The voltage that is to be converted 
is connected (after amplification) to the vertical 
deflection plates. A linear sawtooth sweep volt¬ 
age is connected to the horizontal deflection 
plates. The connections to the vertical and 
horizontal deflection plates are not shown. The 
stream of electrons, which is emitted, focused, 
and accelerated by the electron gun, is positioned 
vertically on the grid so that it strikes a partic¬ 
ular line of slots that correspond to the amplitude 
of the voltage to be converted. 

The linear sawtooth voltage on the horizontal 
deflection plate causes the beam to be scanned 
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Figure 11-27. —Block diagram of a mechanical digital-to-analog (D-A) converter. 


across the line of slots. This action causes a 
coded image to be developed on the sensing 
element, which serves as the digital readout 
device. 

High speed is the main advantage of the coding 
tube method of conversion. The disadvantages 
are that its accuracy is limited by the linearity 
of the scanning beam, and by the beam diameter 
or spot size. The greater the spot size, the less 
reliable is the result. 

Digital-to-Analog Conversion 

Digital-to-analog conversion, like analog-to- 
digital conversion, can be accomplished by both 
mechanical and electrical methods. The purpose 
of mechanical digital-to-analog conversions is to 
convert digital information into a mechanical 
movement or shaft position. Some of the basic 
principles involved in both methods are explained 
in the following paragraphs. 

MECHANICAL TECHNIQUES. —Mechanical 
digital-to-analog conversion is almost always 
based upon feedback and comparison principles. 
A representative example of this action is il¬ 
lustrated in figure 11-27, The digital input 
is fed into a comparator which produces an in¬ 
put to a servoamplifier and servomotor com¬ 
bination. The servomotor is used to drive any 
of the many types of mechanical analog-to-digital 
converters. The digital output of the converter 
is fed back to the comparator, which operates 
as the error-detection circuit. As long as the 
digital output does not equal the input, an error 
signal will persist. This signal, in turn, causes 
the servomotor to continue to rotate until the 
error is reduced to zero. 

The shaft or other mechanically driven device 
at the output of the analog-to-digital converter 
moves through a certain angle which is the 
analog representation of the digital input. If a 


transducer arrangement which uses a potenti¬ 
ometer for readout purposes is connected to 
the output shaft, an electrical signal will be 
produced which represents the same analog 
quantity. 

One form of the comparator which will per¬ 
form the desired error detection function is 
illustrated in figure 11-28. Using this arrange¬ 
ment the difference between the digital or binary 
input and the present actual instantaneous position 
of the servo shaft is constantly being converted 
into an analog signal which is applied to the 
servoamplifier. The flip-flop (FF) registers store 
their respective inputs. The subtracting circuit 
computes the difference and interprets this dif¬ 
ference as the existing error. When the analog 
shaft position corresponds to the digital input 


DIGITAL OR 
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Figure 11-28.—Representative comparator, 
block diagram. 
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(as indicated by a zero difference in the sub¬ 
tracting circuit), the signal to the servoamplifier 
will be zero and no further shaft rotation will 
occur. 

ELECTRICAL TECHNIQUES. —Many electri¬ 
cal digital-to-analog converters operate on the 
principle of voltage division using selective 
relays and a series-parallel network of pre¬ 
cision resistors. One of the simplest circuit 
arrangements based on this principle is shown 
in figure 11-29. 

The binary (digital) input is fed into the 
bank of flip-flops. The 1 bits in the word stored 
in the flip-flops cause their respective relays 
to energize, which results in the closing of 
the associated contacts. Each of the resistors 
Rf through R4 is a precision resistor, i.e., it 
has very low tolerances. Assuming that each of 
the parallel branches conducts a given current 
value when its associated circuit switch is 
closed, it follows that the value of current through 
Rt is a function of the number of branches 
which are placed in the conducting state. If 
high accuracy is to be maintained, R L must be 
kept small in comparison with resistors Ri, 
R2» R3, and R4, even when these resistors are 


BINARY 

INPUT 
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Figure 11-29. —Digital-to-analog conversion 
using selective relays and voltage dividers. 


all connected in parallel. Because Rl is neces¬ 
sarily of low value, the output voltage (eo 
across R L ) is low compared to the value of the 
input voltage (usually in the order of one volt). 
When higher output voltage levels or higher 
power output are required, the output voltage, 
eQ» can be amplified. (See Basic Electronics , 
NP 10087-C.) 

A similar method of performing digital-to- 
analog conversion involves the use of a series 
arrangement of resistors connected in a feed¬ 
back loop of an operational amplifier circuit. 
In order to understand this method it is first 
necessary to discuss the basic principles of the 
operational amplifier, and also the principle of 
negative feedback amplifiers as they are used in 
operational amplifiers. 

NEGATIVE FEEDBACK AMPLIFIER. —A 
schematic diagram of an amplifier which uses 
an electron tube and degenerative (negative) 
feedback is shown in figure 11-30. The charac¬ 
teristics of this amplifier are largely determined 
by the amount and type of feedback developed 
across Rf as will be shown presently. 

In conventional amplifiers, any attempt to 
calculate the amount of amplifier voltage gain 
along a given parameter is complicated by 
changes in input and output impedances, polarity 
and amount of feedback, increases or decreases 
in frequency, and several other factors. It is 
shown in the following paragraphs that the voltage 
gain in a negative feedback amplifier is de¬ 
termined by the ratio of the feedback resistance 
(Rf —) to the grid resistance (Rf n ). 

In the schematic diagram of figure 
11-30, ej n represents the input signal volt¬ 
age which, in this case, is developed across 



feedback amplifier using an electron tube. 
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between grid and cathode of the tube. Simul- 
)usly, an amplified voltage, which appears 
een grid and plate of the tube, is developed 
plate to ground (across Rl and the B supply 
le path and across Rf and Ri n in the other), 
use of the inherent 180° triode phase shift 
sen grid and plate, the feedback voltage de- 
>ed across Ri n is 180° out of phase with the 
signal voltage ei n . The opposing voltages 
ss this resistor produce the degenerative 
>ack. 

hat the gain A of the amplifier is equal to 
4 n can be shown as follows: 


.) iR. + iR. - Ae. 

7 in f m 

•) iR. n + iR f - AiR. n 

» R in + R f =AR in 
R f 

[) 1 +_= A 
R in 
>1 R f = A 
Rin 

e A = stage gain and ei n = iRi n 


use the ratio of Rf to Rf n is usually 
the term 1 in equation (4) is ignored, 
he stage gain of the transistorized degen- 
ve amplifier in figure 11-31 is calculated 
he same way. The series connection of 
with respect to the emitter-base junction 
the input signal source permits the emitter- 
current to vary only slightly when rela¬ 
ys large signal voltage changes occur at 


Rf 



re 11-31, — Schematic diagram of a negative 
edback amplifier using a PNP transistor. 


the input. Likewise, feedback current changes 
through Rf n (which are very large compared 
to the forward emitter-base resistance) produce a 
large controlling effect on the amplifier output. 

Also note that the large ohmic value of Rj n 
with respect to the emitter base junction per¬ 
mits point X to maintain only a slight voltage 
value (negative) to ground. 

Feedback and emitter base currents flowing 
at point X are relatively high. These factors make 
point X a point of low impedance, i.e., 

7 6 x (low) 
x i x (high) 

Because of the large value of Rj n with 
respect to the emitter-base resistance, the in¬ 
put current does not change appreciably over 
wide variations of the input signal amplitude. 
Thus the input source (as seen from point X) 
is, in effect, a constant current source. The 
input impedance is essentially the value of Rj n , 
and point X is very near ground potential. The 
circuit will not produce a useful output if point 
X is maintained at zero volts, since this would 
mean that the amplifier input is zero. Rather, 
point X must be maintained at a slight voltage 
value to ground to permit accurate amplification. 
The type amplifier just described is frequently 
used in computers to multiply the d-c input by a 
constant (A), the stage gain. 

OPERATIONAL AMPLIFIERS.— An oper¬ 
ational amplifier is a very high gain direct- 
coupled feedback amplifier. It may consist of 
several stages, which, combined, produce output 
signals several million times the amplitude 
of the input. 

An operational amplifier circuit is arranged 
so that the input signal is applied with respect 
to ground and the output signal is taken from a 
point on the final amplifier which is at zero volts 
d-c with respect to ground. The zero d-c level 
at the output is established by connecting the 
final amplifier stage across two power sources 
(fig. 11-32) whose outputs are of opposite po¬ 
larity to ground. The output terminal is connected 
to that point on the amplifier which is at the zero 
volt d-c ground potential. It follows that a-c 
output signals alternate above and below the 
ground reference level. 

The operation of an operational amplifier 
circuit (fig. 11-33) is as follows. Assume that 
an input signal, e in (which tends to increase the 
d-c amplifier output current), is applied across 
the input terminals. The current output from the 


420 


Digitized by LaOOQle 



Chapter 11 —INTRASHIP DATA TRANSMISSION 



124.109 

Figure 11-32. — Basic block diagram of opera¬ 
tional amplifier showing methods used to 
obtain d-c ground at output. 


circuit flows through R^ and the output imped¬ 
ance in parallel. Because Rf is (in general 
usage) several hundred times the size of Rj n , 
and because the current through Ri n is smaller 
than the current through Rf, it follows that 
the voltage across Rf will be many times the 
voltage across Rj n . This ratio is a measure of 
the amplification. 

Since the voltage across Rf n is the input 
voltage (minus the neglibible drop across the 
emitter-base junction), the ratio of Rf/Rf n repre¬ 
sents the stage gain (A). 

An operational amplifier can be used as a 
Miller sweep generator; or an integrator by 
replacing the feedback resistor Rf with a ca¬ 
pacitor, C, as shown in figure 11-34. Switch, 
S, is added so that the integrating process can 
be started and stopped at a desired rate. In 
practice, switch S is replaced by an electronic 
switching device such as an electron tube or 
a transistor. The voltage amplifier is a high- 
gain high-impedance circuit. 


Rf 



Figure 11-33. — Operational amplifier using re¬ 
sistive feedback circuit. 


The degenerative feedback current through 
the capacitor, C, prevents the amplifier feed¬ 
back voltage from changing instantaneously with 
Ef n . The combined effects of the input voltage 
and the negative feedback maintain a constant 
charging current through C, which, in turn, 
produces a linear voltage change across this 
capacitor. The output voltage is proportioned 
to the integrated input voltage. The slope of 
the output waveform is dependent upon the time 
constant Rf n Cpg. Where Rf n = 1 megohm and 
Cpg = 1 microfarad the time constant is 1 and 
the slope is linear. 

DIGITAL-TO-ANALOG CONVERSION USING 
THE SERIES RESISTOR METHOD. —The cir¬ 
cuit in figure 11-35 contains a series array 
of resistors (Rj through R 4 , of selected sizes) 
in the feedback loop of an operational amplifier. 
Each resistor is bypassed by a pair of relay 
contacts which represent zero (or OFF) in the 
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Figure 11-34. — Operational amplifier using ca¬ 
pacitive feedback circuit. 


closed position and one, (or ON) in the open 
position. When all of the contacts are closed, 
there is zero resistance in the feedback path, 
and the amplifier will not produce a voltage 
gain. When a 1 binary input is applied across 
any or all of the relay solenoids, the associated 
contacts open (as shown) causing resistance to 
be added to the feedback loop. The amount of 
increase in the amplifier gain is in direct 
proportion to the amount of resistance placed 
in the feedback loop by the opening of the relay 
contacts. The voltage, e p , therefore represents 
the analog value of a digital input. 

THE DIGILOG CIRCUIT. —A digilog circuit 
(sometimes called a decoder) is used to con¬ 
vert digital signals to analog voltages. In effect, 
it is a translator. It translates the language of 
digital devices (“l’s” and “O’s”) into the language 
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Figure 11-35. — Digital-to-analog conversion using operational amplifier 
and a series array of feedback resistors. 


of analog devices. These analog voltages are then 
used to position needles on meters, oscilloscopic 
sweeps, and/or dots on cathode-ray tubes, turn 
motor shafts, drive analog circuits, etc. 

The digilog is composed of a bank of tran¬ 
sistor switches and a resistive network known 
as a “ladder-adder.” Figure 11-36 shows a block 
diagram of one transistor switch and the ladder- 
adder network. In an actual circuit where several 
digital inputs are received, a transistor switch 
is needed for each binary input digit. The tran¬ 
sistor switches are opened and closed by the 
digital signal, allowing either a voltage or ground 
to be presented to the ladder-adder resistive 
network. The output of the ladder-adder is the 
required analog voltage. 


DIGILOG TRANSISTOR SWITCH. —The pur¬ 
pose of the transistor switches is to supply a 
voltage to the ladder-adder as determined by the 
binary value of the digit which controls each 
switch. There are, of course, many transistor 
circuit configurations which may be used to 
accomplish the switching. Generally, the digilog 
switching circuit will be similar to that shown 
in figure 11-37. The circuit of figure 11-37 uses 
a positive reference voltage Vj^ e f, as indicated 
at the emitter of Ql. By replacing Q1 with an 
NPN transistor and Q2 with a PNP transistor 
and properly biasing the transistors, a negative 
reference voltage can be switched into the ladder- 
adder. 

As stated earlier, a transistor switch is 
needed for each binary input digit. For example: 


DIGITAL 



REFERENCE 

VOLTAGE 


Figure 11-36. —Block diagram of digilog action. 
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TO .LADDER-ADDER 


Figure 11-37. — Digilog transistor switch. 
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A four digit word requires four transistor 
switches and a ten digit word requires ten 
transistor switches. In figure 11-37 it is as¬ 
sumed that the true (-V) or “1” state is repre¬ 
sented at the input and that the false or “0” input 
state is represented as 0V. With a true (-V) 
at the digital input terminal, Q1 conducts heavily 
and Q2 is cut off. Hence, the + Vp^f is supplied 
to the ladder-adder via the low conducting re¬ 
sistance of Q1 in series with R6. When the 
input is false (0V), Q1 is cut off and Q2 con¬ 
ducts, applying ground to the ladder-adder via 
the low conducting resistance of Q2 in series 
with R7. 


THE LADDER-ADDER RESISTIVE NET¬ 
WORK.— For purposes of explanation, four tran¬ 
sistor switches and the corresponding ladder- 
adder network are illustrated in figure 11-38. 


It is important to remember that in a practi¬ 
cal application, the digilog can have as many 
transistor switches as desired and the associated 
ladder-adder network. A four switch digilog has 
16 possible voltage levels as an output. This 
is so because the input can be either true or 
false (-V or 0) and there are four input switches. 
Hence, there are 2^, or 16, possilbe input 
ind output combinations. A ten switch digilog 
lias 2 10 or 1024 possible output voltage levels, 
rhe greater the number of switches in the 
digilog, the smaller the incremental difference 
in the output voltage levels, as will be shown 
later. For simplification, the transistor switches 
iiave been replaced by toggle switches. 


Certain basic requirements must be met 
with regard to relative resistance values and 
supply voltages in order to produce satisfactory 
results from the ladder-adder network. These 
are as follows: Resistors R3 = R5 = R7 and 
Rl = R2 = R6 = 2R3. A + V^f and -VRef of 
equal absolute value must be used. To aid in 
understanding the digilog, the following values 
are assigned: 

A. R3, R5, R7 = 5K ohms 

B. Rl, R2, R4, R6 = 10K ohms 

C. = +10 volts 

D. ■"Vrejt = -10 volts 

Table 11-3 shows the possilbe input con¬ 
ditions to the digilog switches, the correspond¬ 
ing position of each switch (either ground or a 
reference voltage), and the analog output voltage. 
A positive reference voltage is utilized at switches 
a, b, and c, and a negative reference voltage for 
switch d, so that the output voltage (Vo) can 
swing from a maximum positive voltage value 
through zero volts to a maximum negative volt¬ 
age. In practice though, the digilog can be 
constructed to vary between any two voltage 
levels desired. 

A few of the output voltages produced at 
the ladder-adder output of figure 11-38 will 
be calculated using figure 11-39. When points 
a, b, and c are grounded and d is connected to 
the -10 volts reference, the circuit equivalent 
is as illustrated in figure 11-39A. Note that 
resistors Rl and R2 combine into a single 5K 
resistance in series with R3 (5K) to ground. 
The resistance from point M to ground is now 


423 


Digitized by t^ooQie 



FIRE CONTROL TECHNICIAN (M) 3 & 2 


SWITCH 

CONTROL 

LOGIC 



Figure 11-38. —A four-digit digilog. 
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5K, as illustrated in the equivalent circuit of 
figure 11-39B. 


^1 x R 2 1 

* eq i < RS "rTTht' 


is in parallel with R4 


to ground and the combination is in series with 
R5. Disregarding R6, these three resistors 
(R4, R5, and Reqi) combine to form a new 
equivalent resistance to ground from point N 
(fig. 10-43B), which is 10K. This results in 


R eq2 


(R5 + 


R4 x R 

WTR 


eqj-) 

eql 


as shown in figure 11-39C.. 


Resistors R6 and Req2 constitute a parallel 
combination which results in R^g (fig. 11-39D) 
from point N to ground of 5K. Tnis represents 
the final equivalent of the circuit in figure 
11-38 with points a, b, and c grounded and 
point d connected to a -10V supply. In figure 
11-39D, Vq is -5V, which is the maximum nega¬ 
tive voltage obtainable from the digilog 
in figure 11-38. 

Now consider another condition which can 
exist in the circuit of figure 11-38. Leaving 
point d connected to the -10V reference and 
points a and b connected to ground, the Vo 
will be calculated when point c is connected 
to the +10V reference. 

From the previous discussion the equivalent 
circuit will be as shown in figure 11-39E 
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Table 11-3.—Input and output levels for four-digit digilog 


Possible Switch Controlling 
Input Conditions 

Switch Position Due 

To Input Conditions 

Analog Output 
Voltage 

Q4 

Q3 

Q2 

Q1 

d 

c 

b 

a 

V Q (volts) 

0 

0 

0 

0 

gnd 

gnd 

gnd 

gnd 

0 

0 

0 

0 

1 

gnd 

gnd 

gnd 

+ lOv 

+ 0.625 

0 

0 

1 

0 

gnd 

gnd 

+ lOv 

gnd 

+ 1.250 

0 

0 

1 

1 

gnd 

gnd 

+ lOv 

+ lOv 

+ 1.875 

0 

1 

0 

0 

gnd 

+ lOv 

gnd 

gnd 

+ 2.500 

0 

1 

0 

1 

gnd 

+ lOv 

gnd 

+ lOv 

+ 3.125 

0 

1 

1 

0 

gnd 

+ lOv 

+ lOv 

gnd 

+ 3.750 

0 

1 

1 

1 

gnd 

+ lOv 

+ lOv 

+ lOv 

+ 4.375 

1 

0 

0 

0 

-lOv 

gnd 

gnd 

gnd 

- 5.000 

1 

0 

0 

1 

-lOv 

gnd 

gnd 

+ lOv 

- 4.375 

1 

0 

1 

0 

-lOv 

gnd 

+ lOv 

gnd 

- 3.750 

1 

0 

1 

1 

-lOv 

gnd 

+ lOv 

+ lOv 

- 3.125 

1 

1 

0 

0 

-lOv 

+ lOv 

gnd 

gnd 

- 2.500 

1 

1 

0 

1 

-lOv 

+ lOv 

gnd 

+ lOv 

- 1.875 

1 

1 

1 

0 

-lOv 

+ lOv 

+ lOv 

gnd 

- 1.250 

1 

1 

1 

1 

-lOv 

+ lOv 

+ lOv 

+ lOv 

- 0.625 


(batteries added for continuity). The output volt- 
*ge is calculated using simultaneous equations. 
The current through R6 is arbitrarily referred 
to as i lt the current through Req 2 is called 
i2» and the current through R7 is ii + i 2 by 
Kirchhoff’s law; the sum of the voltage drops 
wound a closed circuit is equal to the source 
voltage. (The source voltage applied in a circuit 
is sometimes the combined voltage of two or 
more supplies.) Thus: 

(i) E R7 + Er 6 “ E 1 + e 2 
< 2 > E R7 + E Req2 = E 2 
(3 > E R6 - E Req2 = E 1 


124.274 

Substituting current x resistance in equation (1) 

5K (i x + i 2 ) + 10K (i x ) = 20 
Substituting current x resistance in equation (2) 

5K (i x + + 10k (i2) = 10 

Substituting current x resistance in equation (3) 

10K (i x ) -10K (ig) = 10 (Note that the two 
voltage supplies tend to produce currents through 
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Figure 11-39. —Analysis of ladder-adder circuits. 


Req2 in opposite directions. Thus, the voltage 
developed across R^q2 is the resultant voltage 
established by the opposing supplies.) 

Simplifying the equations 

5K (i x + i^ +10K (i^ = 20 
5K(ii) + 5K(i 2 ) +10K(i 1 ) =20 

(a) 151^) +5K(i2) = 20 
5K(ii + i 2 ) +10K (i 2 ) =10 
5K(ix) +5K(i2> +10K(i 2 ) =10 

(b) 5K(ii) +15K(i 2 ) =10 


From equations (a) and (b); where equation 
(b) is multiplied by 3. 

J^KCtrrT5K(i 9 ) = 20 
^qWir+45K(i 2 ) = 30 

-40K(i 2 ) = -10 

_ -10 
X 2 -40K 

i 2 = .00025 ampere 

Solving for current (ii) 

151^.) + 5K(l/4mA) = 20V 

15K(ix) = 20V - 1.25V 

il = 18.75V 

15K 

il = .00125 ampere 
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Using Ohms law and substituting in equation 

2 ) 

E R7 + E Req2 = E 2 
5K(ii + i 2 ) +10K(i 2 ) = 10V 

5xl0 3 (.00125 + .00025) + 10xl0 3 (.00025) =10V 
5 xlO 3 (.00150) +10xlO 3 (.00025)= 10V 

5x10 3 (150x10“ 5 ) +10xl0 3 (25x10-5) = 10V 
750V x 10“2+ 250V x 10“2 = 10V 
7.5V + 2.5V = 10V 
7.5V - 10V = -2.5V 

Thus, Vo = -2.5V when point d (fig. 11-38) 
is connected to the -10V reference, points a and 
b are grounded, and point c is connected to the 
+10V reference. 

Leaving point d (fig. 11-39) connected to the 
■10V reference, c to the +10V reference, and 
a to ground, the Vq will be -1.25V when point b 
is connected to the +10V reference (calculation 


not shown). With all points (a, b, c, and d) 
connected to reference voltages, the Vq is 
-.625V, which is the minimum negative voltage 
output available. If all inputs to the ladder-adder 
are at ground, Vq is zero volts. Minimum posi¬ 
tive voltage output is obtained when point a is 
connected to the +10 volt reference and points 
b, c, and d are grounded. Maximum positive 
output voltage is obtained when points a, b, and 
c are connected to the +10V reference, and 
point d is grounded. 

LINE DRIVERS AND INPUT 
AMPLIFIERS 

In those cases where data is transmitted 
between equipment in digital form (electrical 
pulses), special circuits are used as line drivers 
and input amplifiers. The line driver circuits 
provide the signal power required to trigger 
the input amplifiers of the receiving equipment. 

The input amplifiers receive their inputs 
from the line drivers of transmitting equipment. 
In many instances, the input amplifier must be 
gated by a gate signal before data is entered into 
the receiving equipment. In this manner the flow 
of data between equipment is controlled. 
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CHAPTER 12 


GENERAL PURPOSE TEST EQUIPMENT 


INTRODUCTION 

An understanding of the operation of com¬ 
ponents and circuits as presented in the pre¬ 
ceding chapters is necessary to maintain fire 
control equipment. In addition, you must possess 
many practical skills and must know special 
procedures for testing and servicing electrical 
and electronic equipment. Trouble-free equip¬ 
ment, to a large extent, depends on the quality 
and type of workmanship used in maintaining 
it. 

In this chapter we will discuss some of the 
general purpose electrical and electronic test 
equipment used by missile fire control techni¬ 
cians. The discussion will include comments on 
some of the methods and techniques used in 
testing radar RF emissions. 

The theory of general purpose test equipment 
is covered in the Basic Electricity and the Basic 
Electronics courses. Therefore, our effort will 
be to supplement that information. 

You will find that there are various equipment 
units that perform the same function. The use 
and operation of a particular type of test equip¬ 
ment, however, is basically the same for all 
models. 

Your study of this chapter will include the 
following: 

1. General purpose test equipment 

2. Test methods and practices 

3. Precautions required for the proper use 
of test equipment 


ELECTRICAL METERS 

A thorough understanding of the construction, 
operation, and limitations of electrical measuring 
instruments, coupled with the theory of circuit 
operation, is most essential in servicing and 
maintaining electrical equipment. Remember that 
the best and most expensive measuring instrument 


is of NO use to the man who does not know 
what he is measuring or what the readings 
indicate. 

The three types of meters that you will most 
frequently encounter are ammeter, ohmmeter, 
and voltmeter. It is well to pay special attention 
to each application in the following discussion. 

The AMMETER is used to measure current. 
It must always be placed in series with the 
circuit to be measured. The ammeter consists 
of a basic meter movement and a combination 
of shunt resistors in parallel with it. A multi¬ 
position switch or a series of pin jacks is used 
to allow the use of various sizes of shunt 
resistors to give different current ranges. When 
using an ammeter, always have the meter on 
the highest range before connecting it to a 
circuit. 

The OHMMETER is widely used by missile 
fire control technicians in making resistance 
measurements and continuity checks. You will 
find wide use for this instrument in checking 
cables and locating malfunctioning components 
in electrical circuits. The ohmmeter consists 
of a basic meter movement connected as an 
ammeter, a voltage source, and one or more 
resistors used to adjust the current through 
the meter movement. The meter must be adjusted 
for “zero resistance*’ prior to making resistance 
measurements. Care must also be exercised 
not to use an ohmmeter on an energized circuit, 

The VOLTMETER utilizes the basic meter 
movement by placing a high resistance in series 
with it. The value of this series resistance Is 
determined by the current necessary for full- 
scale deflection of the meter and the voltage, 
being measured. Because the current is direct!? 
proportional to the voltage applied, the scal|j 
can be calibrated directly in volts for a fixeu 
series resistance. ( 

The sensitivity of voltmeters is given ifl 
ohms per volt, and may be determined by dividing 
the resistance of the meter plus the serie? 
resistance by the full-scale reading in volts. 
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Phis is the same as saying that the sensitivity 
s equal to the reciprocal of the current (in 
imperes). Thus, the sensitivity of a 100-micro- 
impere movement is the reciprocal of 0.0001 
impere or 10,000 ohms per volt. The sensitivity 
>f the meter depends on the strength of the 
)ermanent magnet field and the weight of the 
noving coil. 

The sensitivity of a voltmeter is an identi- 
ication of how accurately it measures voltages 
n a circuit. In many cases, a sensitivity of 
.,000 ohms per volt is satisfactory; however, 
f the circuit in which the voltage is being measur- 
id has high resistance, a greater sensitivity is re¬ 
tired for accuracy. The higher the sensitivity 
•ating, the higher the resistance in the meter 
>ranch of the circuit, and the less the possibility 
rf the meter shunting the circuit. If a meter of 
ow ohms per volt is used to measure the voltage 
n a high resistance circuit, the meter will shunt 
he load being measured and result in an inaccur¬ 
ate reading. Thus, the higher the sensitivity, the 
nore accurate is the reading. 

Like the ammeter and ohmmeter, the voltmeter 
lormally utilizes several resistors with a switchi¬ 
ng arrangement to permit multirange operation, 
rhe importance of setting the selector switch 
or maximum voltage range before connecting it 
o an energized circuit cannot be overemphasized. 

In the selection of an a-c voltmeter, the 
requency and waveform of the voltage being 
neasured must be taken into consideration. 
Although some a-c voltmeters react to the peak 
ralue and others to the average (of one alter¬ 
ation) value, most a-c voltmeters are calibrated 
o indicate effective (RMS) values of voltage. 
RMS is explained in Basic Electricity, NavPers 
0086-B.) 

MULTIMETERS 

Multimeters capable of measuring a-c voltages 
tilize conventional d-c meter movements and 
aetallic oxide rectifiers to change the a-c to 
he. Most multimeters have an accuracy of 2 to 
' per cent at low frequencies. However, the shunt 
apacity of the metallic oxide rectifiers affects 
lie accuracy of the multimeter as the frequency 
f the voltage being measured increases. When 
lie frequency is above the audio range, the voltage 
eading is no longer accurate. Where accuracy at 
lie higher frequencies is desired, an electronic 
lultimeter or an a-c vacuum tube voltmeter 
hould be used. 


MULTIMETER AN/PSM-4 

The multimeter AN/PSM-4C (fig. 12-1) is 
designed to permit the technician to make meas¬ 
urements of voltage, resistance, and current with 
a completely self-contained portable instrument. 
It can measure either a-c or d-c voltage, d-c 
resistance, or direct current in a wide range of 
values. This capability covers the basic require¬ 
ments for a portable tester of this type. All 
leads and accessories are stored in a compart¬ 
ment built into the cover, which should remain 
with the instrument at all times. The cover forms 
a watertight seal when clamped over the face of 
the meter. While the instrument is in use, the 
cover clamps over the back of the meter keeping 
the accessory compartment convenient to the 
operator. Batteries used with the meter are: 
one BA-30 (1.5 volts) and one BA-26l/U (22.5 
volts). 

In the accessory compartment there is a pair 
of standard test leads (one red and one black) 
which are used for most applications of the 
instrument. These leads have elbow probes on one 
end to connect the lead into the circuit jacks on 
the instrument. They have probe tips on the 
other end, which have threaded shoulders to accept 
the alligator clips which are screwed on. These 
parts are used to make all measurements, except 
d-c voltage over 1,000 volts. 

For measuring d-c voltages over 1,000 volts, 
a special high voltage probe is provided, and is 
used in conjunction with the standard black lead. 
One end of the lead has a threaded tip which 
screws on a post in the face of the meter 
(labeled 5,000 VDC MULTIPLIER). The other 
end of the lead has a high-voltage multiplier 
assembly made of red plastic with a clear plastic 
end and terminates in a crocodile clip at the 
end of a short piece of flexible wire. The clear 
plastic end allows the operator to observe the glow 
of a neon lamp when there is high voltage present. 
This is a warning to the operator that there is 
high voltage present at the clip and that he 
should not touch it. The neon lamp is in series 
with a 100-megohm resistor within the housing. 
When a high voltage is being measured, the current 
passes through the lamp making it glow, through 
the resistor, and through the armature of the 
meter. 

There are three controls on the face of the 
meter. One is a 10-position rotary switch in 
the lower left-hand corner which is used as a 
function switch. Five of the positions on this 
switch are used to set up different resistance 
scales. Two of the positions are for selection 


Digitized by Google 



FIRE CONTROL TECHNICIAN (M) 3 & 2 



1. High voltage probe. 

2. Alligator clips. 

3. Telephone plug. 

4. Standard test lead (red). 

5. Standard test lead (black). 


6. Function switch, S101. 

7. Current and voltage range 
selector, S102. 

8. +5,000 VDC multiplier. 

9. +1,000 VDC (red lead). 


10. 1,000 VAC (red lead). 

11. Zero ohms. 

12. +10 amps (red lead). 

13. +Volts/MA/ohms (red lead). 

14. Common (black lead). 

AQ.583; 


Figure 12-1. —Multimeter AN/PSM-4C. 


of d-c voltage measurement (direct and reverse). 
The normal position of the switch is in the 
DIRECT position, if a negative voltage is to be 
measured, the switch is moved to the REVERSE 
position. (NOTE: Never switch leads to read a 
reverse or negative voltage.) One position of the 
switch is marked ACV; in this position the 
meter may be used to read a-c voltage. A recti¬ 
fier in the instrument changes the a-c voltage to 
an equivalent d-c value which is applied to the 
meter. One position is marked OUTPUT; in this 
position the a-c portion of mixed a-c and d-c 
voltage may be read. The last position of the 
switch is used when measuring direct current 
and is marked DC with three ranges ( U A, MA, 


AMPS) indicated to the right of the letters DC}» 
In the lower right-hand corner is an eighth 
position switch used to select current and voltage; 
ranges. Near the center of the meter is a control 
marked ZERO OHMS. This control, which is a« 
continuously variable adjustment, is used to zeroa 
the meter thus compensating for battery aging ini 
the ohmmeter circuits. This control is adjusted! 
until the meter indicates full-scale deflection! 
(indicating zero ohms) when the function switch I 
is set at one of the resistance range positions! 
and the meter probes are shorted together. To I 
prevent erroneous readings when switching to »i 
different position, a check of the meter zero' 
indication is always necessary. 
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The Multimeter AN/PSM-4C is designed to 
aake the following electrical measurements: 

1. Measure direct current up to 10 amperes 

2. Measure resistances up to 300 megohms 

3. Measure d-c voltages up to 5,000 volts 

4. Measure a-c voltages up to 1,000 volts 

5. Measure output voltages up to 500 volts 

Input impedance for measuring d-c voltages 

s 20,000 ohms per volt and is accurate to 
rtthin 3 per cent of full-scale (4 per cent for 
he 5,000 VDC scale). When measuring a-c 
oltages, the input impedance is 1,000 ohms per 
olt and is accurate to within 5 per cent of full 
cale. 

The following discussion and the associated 
lock diagrams treat the general circuit within 
he instrument part of the multimeter as it is 
rranged when used to measure voltage, current, 
r resistance. 

)C Voltmeter Circuits 

The block diagram of the circuit in Multi¬ 
meter AN/PSM-4C which is used for measuring 
i-c voltages is shown in figure 12-2A. The 
ircuit is selected with function switch SlOl, 
n either its DIRECT or REVERSE DCV position 
Fig. 12-1). For voltages up through 500 volts, 

range is selected with range switch S-102 
3nly one position shown in figure 12-2A). For 
le 1000 volt range, the red test lead connects 
ito the special 1000 VDC jack (fig. l2-l),and the 
ange switch is not in the circuit. For the 5000- 
olt range the high voltage probe (not shown) 
onnects the special 5000 VDC jack, and places 
;s resistance in series with the meter movement, 
'or any range, the total resistance in series 
ith it will regulate the meter current to provide 
proportional current to indicate the amount of 
oltage in the circuit. 

C and Output Voltage Circuits 

The circuits which measure a-c and output 
pltages (fig. 12-2B) are selected with the ACV 
ad OUTPUT positions of function switch S-lOl. 
pr voltages up through 500 volts, a range is 
felected with range switch S-102. For the 1000 
pit range, the red test lead connects into the 
pecial 1000 VAC jack, and the range switch, 
■102, is not in the circuit. The a-c voltage 
npressed across the circuit between the red 
)d black test lead sends current through the 
psistance of the circuit in both directions, but 
jte rectifier allows only one direction of current 
ow through the meter movement. The meter is 
Vibrated to indicate the RMS value of the a-c 
pltage applied to the instrument circuit. 


DC Current Circuits 

The circuit which measures d-c currents (fig. 
12-2C) is selected with the DC MA MA AMPS po¬ 
sition of function switch S-101. For currents up 
to 1000 milliamperes, the range is selected with 
range switch S-102. For the 10 ampere range, 
the red test lead connects into the special 10 
AMPS jack, and range switch S-102 is not in 
the circuit. Each range provides a parallel shunt 
resistance for the meter movement, and the 
circuit current divides between these two parallel 
paths. The proportional part which passes through 
the meter movement indicates the total circuit 
current. 

Ohmmeter Circuits 

The ohmmeter circuit (fig. 12-2D) and its 
ranges are selected with function switch SlOl. 
Its positions are Rxl, RxlO, RxlOO, RxlOOO, and 
RxlOOOO. An internal battery furnishes the power 
for all resistance measurements. For each range, 
the circuit is arranged so the meter will indicate 
zero ohms and full scale deflection whenever 
the red test lead and the black test lead are 
shorted together. When you connect a resistance 
between the test leads, this resistance will be 
in series with the instrument circuit, and less 
current will flow through the meter movement. 
The amount of reduced meter deflection indicates 
how much resistance is between the test leads. 

Application 

Function switch S-101 (fig. 12—1) located in 
the lower left-hand corner of the front panel, 
selects the type of circuit for which the instru¬ 
ment is connected. There are two positions for 
d-c volts: DIRECT AND REVERSE. The normal 
position is DIRECT. When using the meter to 
make a d-c voltage measurement and a connection 
is made which causes the meter to read backwards 
(deflection of the pointer to the left), set switch 
S-101 to REVERSE and the pointer will be 
deflected up-scale. Set switch S-101 at ACV to 
read alternating current voltages. A rectifier 
within the instrument will change the a-c voltage 
to an equivalent d-c value and apply this to the 
meter. The instrument will indicate the RMS 
value of the applied voltage. Set switch S-101 
at OUTPUT to read the a-c portion of mixed 
a-c and d-c voltages. Set switch S-lOl at DC MA 
MA AMPS to read direct current. Set switch 
S-101 at Rxl, RxlO, RxlOO, RxlOOO, or RxlOOOO 
to read resistance. Switch S-lOl also serves as 
a range switch for resistance measurements. 
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Range Switch S-102 

This eight-position range switch located in 
the lower right corner of the front panel permits 
the selection of voltage and current ranges. The 
full scale value for each range switch position 
is marked on the front panel. 

Zero Ohms Control 

The ZERO OHMS control is located near the 
Denter of the front panel. Each time the function 
Bwitch S-lOl is placed in a position to read 
resistance, short the test leads together and 
rotate the ZERO OHMS control knob to make the 
pointer read full scale, or zero ohms. If you 
jannot bring the pointer to full scale, replace 
he battery in the rear of the case. 

Under normal conditions, no routine service 
nspection is necessary beyond visual examina- 
ion at established inspection periods. If the 
nstrument is to be stored for periods of six 
nonths or longer, the batteries must be removed 
o prevent corrosion. The periodic inspection 
should include removal of the battery case cover 
o facilitate inspection of battery connections, 
f the instrument is used under extreme temper- 
iture conditions, a visual inspection of all parts 
should be made at least once a month. No periodic 
naintenance is required except for inspection, 
est, and replacement of batteries. 

SLECTRONIC METERS 

Electronic meters are used primarily for 
he same purposes as are the nonelectronic 
neters. Some characteristics of their operation, 
towever, give them definite advantages. In the 
lectronic multimeter, the current and resistance 
aeasuring circuits function in a manner identical 
o the corresponding nonelectronic measuring 
nstruments. The measurement of voltage, how- 
ver, involves the use of an amplifier, which 
ti turn requires that the meter be calibrated 
rior to use. 

Proper calibration and use of the instruments 
ary slightly according to model. Details are 
icluded in the Operation Instruction Manual for 
ach model. 

The ordinary voltmeter has several disad- 
antages that make it practically useless for 
leasuring voltages in high-impedance circuits, 
or example, suppose that the plate voltage of 

pentode amplifier is to be measured. (See 
g. 12-3.) When the meter is connected between 
le plate and cathode of the electron tube, the 
leter resistance, R m , is placed in parallel with 
le effective plate resistance, R e ff» thereby 



AT.93 

Figure 12-3. —Loading effect created by meter 
resistance. 


lowering the effective plate resistance. The 
effective plate resistance is in series with the 
plate load resistor, Rl, and this series circuit 
appears across the supply voltage, E^, as a 
voltage divider. Since the overall resistance is 
lowered, it follows that current through R L 
will also increase, the voltage drop across R L 
will also increase, and the voltage drop across 
R e ff will decrease. The result is an incorrect 
indication of plate voltage, and is called loading 
effect. 

Calculation of Loading Effects 

Before the voltmeter is connected, the plate 
current is determined by the effective resistance 
of the plate circuit, the plate load resistor, and 
the plate voltage. If the tube has an effective 
resistance of 100,000 ohms, a plate load resistance 
of 100,000 ohms, and the plate power supply is 
constant at 200 volts, then the plate current is 

200 v 

266,000 q 

or 0.001 ampere. The plate voltage (plate to 
cathode) is 0.001 x 100,000, or 100 volts. 

Assume that the voltmeter used to measure 
the plate voltage of the tube has a sensitivity 
of 1,000 ohms per volt and that the selected 
meter range is from 0 to 250 volts. The meter 
will then have a resistance of 250,000 ohms. 
This resistance in parallel with the tube resi stance 
of 100,000 ohms produces an effective resistance 
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of 71,400 ohms in series with the plate load 
resistor. The total resistance across the plate 
voltage supply is therefore 171,400 ohms instead 
of the 200,000 ohms before the meter was 
applied, and the current through the plate load 
resistor is 

200 v 
171,400 q 

or 0.00117 ampere. Across the plate load re¬ 
sistor the voltage drop is 0.00117 x 100,000, 
or 117 volts, and the plate-to-cathode voltage on 
the tube is 200 - 117, or 83 volts when the meter 
is connected, thus causing an error of 17 volts. 
The lower the sensitivity of the meter, the 
greater the error will be; in this example, the 
error of 17 volts when the reading should be 
100 volts is a 17-per cent error. 


Vacuum Tube Voltmeter AN/USM-116 

Multimeter AN/USM-116 is a portable, com¬ 
bination electronic instrument used for general 
servicing of electronic equipment. It is designed 
for use where precise voltage, current, and 
resistance measurements are required. It pro¬ 
vides a direct reading of values on a single 
indicating meter mounted on the control panel 
(fig. 12-4). A high input-impedance permits 
voltage measurements to be made with only a 
small percentage of loading on the circuit under 
test. The multimeter can measure the following: 
Alternating current voltages and radiofrequency 
voltages which are indicated in RMS values; 
(actual deflection is proportional to the rectified 
peak value) a-c volts, d-c current, and resistance, 
The specific ranges for each of these functions 
are as follows: 


A meter having a sensitivity of 20,000 ohms 
per volt and a 250-volt maximum scale reading 
would introduce an error of about 1 per cent. 
However, in circuits where very high impedances 
are encountered, such as in grid circuits of 
electron tubes, even a meter of 20,000 ohms 
per volt sensitivity would impose too much of a 
load on the circuit. 

VTVM Advantages 

Another limitation of the alternating current, 
rectifier type voltmeter is the shunting effect 
at high frequencies of the relatively large capa¬ 
citance of the meter’s rectifier. This shunting 
effect may be eliminated by replacing the usual 
metallic oxide rectifier with a diode electron 
tube; the output of the diode is applied to the 
grid of an amplifier in which the plate circuit 
contains the d-c meter. Such a device is called 
an electron tube voltmeter or a vacuum tube 
voltmeter, usually abbreviated VTVM. Voltages at 
frequencies up to 500 megahertz, and sometimes 
even higher, can be measured accurately with this 
type of meter. The frequency limitation is deter¬ 
mined by the model of VTVM. 

The input impedance of a VTVM is large, 
and therefore the current drawn from the circuit 
whose voltage is being measured is small and in 
most cases negligible. The main reason for using 
a vacuum tube voltmeter is to overcome the 
loading effect by taking advantage of the VTVM’s 
extremely high input impedance. A VTVM that 
is used extensively for electronics maintenance is 
contained in the AN/USM-116 Multimeter. 


1. a-c volts: 0.01 to 300 in RMS values 

2. d-c volts: 0.02 to 1,000 

3. d-c current: 20 microamperes to 1,000 
milliamperes 

4. Resistance: 0.2 ohm to 1,000 megohms 


To understand the principles upon which the 
operation of Multimeter AN/USM-116 is based, 
refer to figure 12-5 while reading the following 
explanation. 


The multimeter can measure a-c and 
voltages as well as resistance and curreij 
When measuring a-c voltages, the signal U 
first rectified by the diode in the probe. Tlj 
signal must be rectified because the meUjj 
circuit is sensitive only to d-c voltages. Wh| 
d-c voltages are measured, the a-c probe ooq 
taining the diode rectifier is not needed. ^ 
The d-c or a-c voltage to be measured ii 
applied across a voltage-divider network so tbd 
the total input impedance of the multimetaj 
remains constant when the position of rani 
switch S2 is changed for various levels 5 
input voltage. Ij 


The meter is connected across a balai 
bridge network. With no input, the bridge cii 
is balanced and the meter reads zero. V 
the bridge is unbalanced by an input voltage, 
the meter pointer is deflected up-scale. Swit 
S2 is used to connect the necessary resist 
into the circuit for each range. The resist 
across the voltage-divider networks reduces 
input signal to a level suitable for applies 
to the bridge. There are three voltage-divic 
networks, one for each function. 
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Figure 12-4. — Electronic Multimeter AN/USM-116. 
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The ohmmeter section also utilizes the bridge 
ircuit. When an unknown resistance is placed 
etween the OHMS-MILS lead and the COM 
sad, the bias voltage on V2 decreases in pro- 
Drtion to the unknown resistance. The value of 
le unknown resistance determines the degree to 
hich the bridge is unbalanced and hence the 
lagnitude of the meter pointer deflection. No 
attery supply is required for the ohmmeter cir- 
■litry. 

The milliammeter function does not make use 
: the bridge circuit. The range switch. S2 
)nnects various shunts across the meter to 
icrease the range of current measurement. 

A voltage regulator V5 tends to maintain the 
+ supply voltage to tubes V2 and V3 at a con- 
ant value despite changes in line voltage. 

ifferential Voltmeter 

The differential voltmeter is a reliable pre- 
sion item of test equipment. Its general function 
to compare an unknown voltage with an internal 
ference voltage, and to indicate the difference 

their values. The differential voltmeter in 
DSt common use in Navy applications is the 
3D/AG (fig. 12-6), manufactured by the John 
uke Co. 


The 803D/AG is usable as an electronic 
voltmeter, as a precision potentiometer, and as 
a megohmmeter. It can also be used to measure 
the excursions of a voltage about a reference 
value. Ease of operation, inherent protection 
from any accidental overload, and high reliability 
of readings are additional advantages of the 
instrument. It is accurate enough for precision 
work in calibration laboratories, yet rugged 
enough for general shop use. 

The heart of the unit is a precision 500-volt 
d-c reference power supply. This 500 volts can 
be precisely divided into increments as small 
as 10 microvolts by means of five voltage dials. 
Unknown a-c or d-c voltages are matched against 
the precise internal voltage until no deflection 
occurs on the panel meter. The unknown voltage 
is then simply read from the voltage dials. 
In the highest null sensitivity range, a potential 
difference between unknown and reference voltage 
as small as 0.01 volt causes full scale meter 
deflection. 

At null, the differential voltmeter presents 
an “infinite” input impedance to the voltage 
under measurement, almost completely elimi¬ 
nating circuit loading. 
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Figure 12-5. — Electronic Multimeter AN/USM- 
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124.375 

;ure 12-6. — Differential Voltmeter, Model 
803 D/AG. 


A functional block diagram of the differential 
voltmeter is shown in figure 12-7. The principal 
circuit divisions are as follows: 

1. A 500-volt d-c reference power supply 

2. Precision voltage divider network 

3. VTVM 

4. Chopper-amplifier 

5. Converter and converter power supply 

The system circuitry is designed with two 
separate common returns. One of these, the 
return for the converter power supply and re¬ 
ference power supply, provides a safety factor 
for personnel and a capability for measuring a 
potential difference between two voltages. The 
other, which is the common return of the VTVM 
power supply, is connected to the known reference 
voltage output from the precision voltage divider 
network. This arrangement provides a constant 
d-c voltage of +108 volts across the differential 
amplifier regardless of the d-c potential applied 
to the grid. 

D-C REFERENCE POWER SUPPLY. — A full 
wave rectifier with its associated filter network 
supplies a d-c voltage of approximately 1,000 
volts to a conventional electron controlled voltage 
regulator. The regulated output is maintained at 
500 volts ±0.01 per cent. 


I •ON 

• REF. 
•CAL. 

SI 

POWER SWITCH 


DC. 


0.5V, O.C. 
f • 5.0V. O.C. 

• 50.0V, O.C. 



VTVM 

I «I0V 

• •500V, O.C. 


4 •1.0V 

• 500V, A C. 
c • 50.0V, A.C. 

5.0V, A.C. 


•o.iv 

• 

0.01V 

S3 


S2 NULL SWITCH 

RANGE SWITCH 



Figure 12-7. — Differential voltmeter, functional schematic diagram. 
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In the 500 V DC position, the RANGE switch 
(S2E) passes this 500 volts directly to the 
precision voltage divider. In the 50 V DC, 5 V 
DC, and 0.5 V DC positions, range resistors S2F 
divide the reference voltage to 50, 5, and 0.5 
volts d.c., respectively. In all a-c positions of 
the RANGE switch, only 5 volts of the reference 
supply are used, due to the fact that the maximum 
>utput of the a-c to d-c converter is 5 volts. 

PRECISION VOLTAGE DIVIDER. — Each of 
the four precision voltages available from the 
reference supply must be made adjustable through 
a precision divider network so that unknown 
voltages may be nulled or matched exactly. The 
five decade resistor strings (fig. 1 2—8) accomp¬ 
lish this function. 

Note that each string, with the exception of 
the first, parallels two resistors of the string 
that precedes it. Between the two wipers of 


54, there is a total resistance of 40K and a total 
voltage of 100 volts d.c. with the RANGE swit| 
in the 500 V DC position. Across the wiper^l 

55, S6, and S7, there are 10, 1, and0.1 

d.c., respectively. Switch S8 selects increm® 
of 0.01-volt d.c. from the last decade. Tli® 
voltages are reduced by a factor of 10 forlffli 
successively lower voltage range. ,'ff 

All resistors of each decade are m 
and all decades are matched for each instrunJ 
providing an overall divider accuracy of Oi 
percent. . 

With the NULL switch in any null range*® 
output of the precision voltage divider 
at the grid of one-half of the VTVM differe 
amplifier. A one two-hundredths ampere (5 , 
liampere) fuse protects this output. 


VACUUM TUBE VOLTMETER.-When 
ating in the differential mode, output v< 


+ 5OOV.0.C. 



A KNOWN VALUE OUTPUT 

TO DIFFERENTIAL AMPL. ^ 

124.31 

Figure 12-8. — Precision voltage divider. 
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Dm the precision voltage divider appears on 
e grid of V4B, one-half of the differential 
iplifier. (See fig. 12-9.) The unknown voltage 
pears on the grid of V4A, the other half of 
e differential amplifier. Any difference between 
ese potentials is indicated by the meter coupled 
tween the cathodes of V4A and V4B. When the 
tput voltage exactly matches the unknown, the 
eter reads zero and no current is drawn from 
e source being measured, because the same 
tential exists on both sides of the input resis- 
nces. 

When used as a conventional VTVM, the grid 
V4B is connected to the 0-volt bus, or negative 
nding post. With the range switch in the 0.5 

DC position, the unknown voltage appears 
rectly on the grid of V4A and the meter indi¬ 
tes the approximate value of the unknown. 


+ I08V 



Input divider resistors maintain the 0 to 0.5 
grid voltage range for all instrument voltage 
ranges. The input resistance of the instrument 
in the VTVM position is 10 megohms. 

CONVERTER. — All a-c measurements are 
made by first converting the a-c input to a d-c 
voltage. The converter provides a maximum 
d-c output of 5 volts for a maximum a-c input 
of 5 volts rms. In the 5 V AC position, range 
switch sections of S2A and S2B couple the 
converter amplifier input directly to the binding 
post. In the 50 V AC and 500 V AC positions, 
input attenuators reduce the unknown a.c. to 
provide a maximum of 5 volts a-c input to the 
first converter amplifier. 

The overall frequency response of the con¬ 
verter is essentially flat from 30 Hz to 10 kHz. 

MEGGERS 

A megger is an instrument that applies a 
high voltage to the component under test and 
measures the current leakage of the insulation. 
Thus a capacitor or insulated cable can be 
checked for leakage under much higher voltages 
than an ohmmeter is capable of supplying. It 
consists of a hand-driven, d-c generator and an 
indicating meter. The name megger is derived 
from the fact that it measures resistances of 
many megohms. 

There are various resistance ratings of meg¬ 
gers with full-scale values as low as 5megohms, 
and as high as 10,000 megohms. Figure 12-10 
shows the scale of a 100-megohm, 500-volt 
megger. Notice that the upper limit is infinity 
and that the scale is crowded at the upper end. 
The first scale marking below infinity represents 
the highest value for which the instrument can be 
accurately used. Thus, if the pointer goes to 
infinity while making a test, it means only that 
the resistance is higher than the range of the set. 

There are also various voltage ratings of 
meggers (100, 500, 750, 1,000, 2,500, etc.). 
The most common type is the one with a 500- 
volt rating. This voltage rating refers to the 
maximum output voltage of the megger. The 
output voltage is dependent upon the speed of 
turning of the crank and armature. When the 
megger’s armature rotation reaches a pre¬ 
determined speed, a slip clutch will maintain 
the armature at a constant speed. The voltage 
rating is important, for the application of too 
high a voltage to even a good component will 
cause a breakdown. In other words, do not use 
a 500-volt megger to test a capacitor rated at 
100 volts. 
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Figure 12-10. —Scale of 100-megohm, 500-volt megger. 


Meggers are used to test the insulation 
resistance of conductors in which shorting or 
breaking down under high voltage is suspected. 
In some situations, meggers are used in the 
prevention of unnecessary breakdowns by main¬ 
taining a record of insulation resistance of 
power and high-voltage cables, motor and gen¬ 
erator windings, and transmission lines. These 
records will reflect fluctuations in resistance 
and aid in determining when the components 
should be replaced to prevent a breakdown. 

Meggers are used for testing capacitors 
whose peak voltages are not below the output of 
the megger. They are also used to test for 
high-resistance grounds or leakage on such 
devices as antennas and insulators. 

A megger employing an a-c generator, a 
rectifier, and an ohmmeter circuit with a con¬ 
ventional d-c milliammeter (Insulation Test Set 
AN/PSM-2A) is illustrated in figure 12-11. The 
operation of the insulation test set is relatively 
simple. 


5. Attach the alligator clip of the r§®S 
lead to the conductor to be tested. 

6. Turn the crank in either directtoffi$|Bi 
minimum speed required to provide 8teaa|j™ 
mination of the indicator buttons. 

7. Read the megohms of resistance offgfl 
by the material being tested. If the resltital 
is more than 1000 megohms at 500 voltslffl 
the meter will remain at rest over the infl 
mark (oo), indicating that the resistance 
insulation being tested is beyond the range* 
the meter. 


Precautions to be followed in the use of the 
megger are as follows: 


1. Be sure that the apparatus, line, or circuit 
to be tested is disconnected from its power supply 
in accordance with safety instructions. Ground 
the apparatus, line, or circuit to be tested to 
discharge any capacitors connected to it. 

2. Connect the spade type terminal lug of 
the black lead to the GND binding post of the 
test set. 

3. Attach the alligator clip of the black test 
lead to the side of the circuit (under test) 
nearest ground potential. 

4. Connect the spade-type terminal lug of 
the red lead to the L binding post of the test 
set. 


1. When making a megger test, the equipm 
must not be energized. It must be disconnec 
entirely from the system before it is test 

2. Observe all rules for safety in prep 
equipment for test and in testing, especia 
when testing installed high-voltage appara 

3. Use well-insulated test leads, e6peci 
when using high-range meggers. After the le 
are connected to the instrument and befo 
connecting them to the component to be tes 
operate the megger and make sure there is 
leak between the leads. The reading should 
infinity. Make certain the leads are not disco 
nected or broken by touching the test ends of 
leads together while turning the crank si 
The reading should be approximately zero. 

4. When using high-range meggers, takep 
precautions against electric shock. The 
sufficient amount of capacitance in most electri 
equipment to “store up” sufficient energy 
the megger generator to give a very disagree 
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Figure 12-11. — Insulation Test Set AN/PSM-2A. 


1.55 


3 even dangerous electric shock. Owing to a 
;h protective resistance in the megger, its 
sn circuit voltage is not as dangerous, but 
re should be exercised. 

5. Equipment having considerable capacitance 
)uld be discharged before and after making 
! gger tests in order to avoid the danger of 
reiving a shock. This can be accomplished 
grounding or short circuiting the terminals of 
equipment under test. 

CHNIQUES FOR METER USE 

We have considered the more common meters; 
v let us consider some of the techniques 
ployed in their use. The techniques suggested 
‘e are not all-inclusive. You will find, as you 
r elop your technical skill, there are other 
■iations and techniques in use. As an example, 
isider the techniques for measureing current in 
ircuit. This can be done by placing an ammeter 


in series. It can also be accomplished by measur¬ 
ing the voltage across a resistor of known 
value. Then by application of Ohm’s law, the 
current in the circuit can be calculated. This 
last technique has the advantage of eliminating 
the necessity of opening the circuit for place¬ 
ment of the ammeter. 

Continuity Test 

Open circuits are those in which the flow of 
current is interrupted by a broken wire, defective 
switch, or any means by which the current 
cannot flow. The test used to check for opens 
(or to see if the circuit is complete or continuous) 
is called CONTINUITY TESTING. 

An ohmmeter (which contains its own bat¬ 
teries) is excellent for a continuity test. In an 
emergency a continuity test can readily be made 
using two sound-powered telephone handsets. 
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Normally continuity tests are performed in cir¬ 
cuits where the resistance is very low (such as 
the resistance of a copper conductor). An open 
is indicated in these circuits by a very high or 
infinite resistance. 

The diagram in figure 12-12 shows a con¬ 
tinuity test of a cable connecting two fire control 
units. Notice that both connectors are disconnected 
and the ohmmeter is in series with the conductor 
under test. The power should be off. Checking 
conductors A, B, and C, the current from the 
ohmmeter will flow through plug No. 2, through 
the conductor, and plug No. 1. From this plug 
it will pass through the jumper to the chassis 
which is “grounded” to the ship’s structure. 
The metal structure will serve as the return 
path to the chassis of unit 2 completing the circuit 
to the ohmmeter. The ohmmeter will indicate a 
low resistance. 

Checking conductor D in figure 12-12 will 
reveal an open. The ohmmeter will indicate 
maximum resistance because current cannot flow. 
With an open circuit, the ohmmeter needle is all 
the way to the left since it is a series type 
ohmmeter (reads right to left). 

Where conditions are such that the ships 
structure cannot be used as the return path, one 
of the other conductors may be used. For example 
(referring to figure 12-12), to check D a jumper 
is connected from pin D to pin A of plug 1 and 
the ohmmeter leads are connected to pins D and 
A of plug 2. This technique will also reveal the 
open in the circuit. 


Test for Grounds 

Grounded circuits are caused by some con¬ 
ducting part of the circuit making contact either 
directly or indirectly with the metallic structure 1 
of the ship. Grounds may have many causes, 
The two most common are the fraying of insulation 
from a wire allowing the bare wire to come ft 
contact with the metal ground, and moisture^ 
soaked insulation. 

Grounds are usually indicated by blown fuses 
or tripped circuit breakers. Blown fuses or 
tripped circuit breakers, however, may also 
result from a short other than ground. A high 
resistance ground may also occur where n$- 
enough current can flow to rupture the fuse or 
open the circuit breaker. . 


In testing for grounds, a megger or an* 
ohmmeter may be used. By measuring the re; 
sistance to ground of any point in a circuity 
it is possible to determine if the point is grounded* 
By considering figure 12-12, one possible means 
of testing a cable for grounds can be seen.'" 
the jumper is removed from pin D of plug No, 
a test for gounds is made for each conductor 
the cable. This is accomplished by conne< 
one meter lead to ground and the other to e 
of the pins of one of the plugs. A low resis 
will indicate that a pin is grounded. Both plugs 
must be removed from their units; if only onad 


plug is removed, a false indication is possible 
for a conductor may be grounded through the unit, 


UNIT i 


r 


UNIT 2 




Figure 12-12.—Continuity test. 
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rest for Shorts 

A short circuit, other than a grounded one, 
8 one where two conductors accidentally touch 
$ch other directly or through another conducting 
ilement. Two conductors with frayed insulation 
nay touch and cause a short. Too much solder 
m the pin of a connector may short to the 
idjacent pin. In a short circuit enough current 
aay flow to blow a fuse or open a circuit 
ireaker. However, it is entirely possible to have 
short between two cables carrying signals; 
uch a short will not be indicated by a blown 
lse. 

As when checking for continuity, the device 
sed for checking for a short is the ohmmeter. 
!y measuring the resistance between two con- 
actors, a short between them may be detected 
y a low resistance reading. In figure 12-12, 
y removing the jumper and disconnecting both 
lugs, a short test may be made. This is per- 
irmed by measuring the resistance between the 
vo suspected conductors. 

Shorts occur in many components, such as 
ansformers, motor windings, capacitors, etc. 
tie major test method for detecting such com¬ 
ments is a resistance measurement, and then 
•mparing the indicated resistance with the 
isistance given on schematics or in the equip- 
ent OP. 

iltage Test 

The voltage test must be made with the power 
plied; therefore, the prescribed safety pre- 
utions MUST be followed to prevent injury to 
rsonnel and damage to the equipment. You 
11 find in your maintenance work that the 
ltage test is of utmost importance. It is used 
t only in isolating casualties to major com¬ 
ments but also in the maintenance of sub- 
semblies, units, and circuits. Before checking 
circuit voltage, a check on the voltage of the 
iVer source should be made to be sure that the 
rmal voltage is being impressed across the 
'cuit. 

Obviously, the voltmeter is used for voltage 
ts. In using the voltmeter make certain that 
meter used is designated for the type current 
c or d-c) to be tested and has a scale of 
iquate range. Since defective parts in a circuit 
y cause higher than normal voltages to be 
isent at the point of test, the highest volt- 
ter range available should be used at first. 
?e a reading has been obtained, determine 


if a lower scale can be employed without damag¬ 
ing the meter movement. If so, use the lower 
scale, so as to obtain a more accurate reading. 

Another consideration in the circuit voltage 
test is the resistance and current in the circuit. 
A low resistance in a high current circuit would 
result in considerable voltage drop, whereas 
the same resistance in a low current circuit 
may be negligible. Abnormal resistance in part 
of a circuit can be checked with either an ohm- 
meter or a voltmeter. Where practical, an 
ohmmeter should be used, because the test 
is then carried out with the circuit “dead.” 

The majority of the electronics circuits en¬ 
countered in fire control equipment will be low 
current circuits, and most voltage readings will 
be direct current. Also many of the schematics 
indicate the voltages at many test points. Thus 
if a certain stage is suspected and you desire 
to check the voltage, a voltmeter placed from the 
test point to ground should read the voltages 
as given on the schematic. 

Some OPs also contain voltage charts where 
all the voltage measurements are tabulated. These 
charts usually indicate the sensitivity of the 
meter used to obtain the voltage readings for 
the chart. To obtain comparable results, the 
technician must use a voltmeter of the same 
sensitivity as that specified. Make certain that 
the voltmeter is not loading the circuit while 
taking a measurement. If the meter resistance 
is not considerably higher than the circuit re¬ 
sistance, the reading will be markedly lower 
than the true circuit voltage. (To calculate the 
meter resistance, multiply the rated ohms per 
volt sensitivity value of the meter by the scale 
in use. For example, a 1,000 ohms-per-volt meter 
set to the 300-volt scale will have a resistance 
of 300,000 ohms.) 

Resistance Test 

Before checking the resistance of a circuit 
or of a part, make certain that the power has 
been turned off and that capacitors in an associated 
circuit are discharged. To check continuity, 
always employ the lower ohmmeter range. If a 
high range is used, the meter may indicate zero 
even though appreciable resistance is present 
in the circuit. Conversely, to check a high 
resistance, use the highest scale, since the low 
range scale may indicate infinity though the 
resistance is less than a megohm. 

In making resistance tests, take into account 
that other circuits that contain resistances and 
capacitance may be in parallel with the circuit 
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to be measured, in which case an erroneous 
conclusion may be drawn from the reading 
obtained. Remember, a capacitor will block the 
d-c flow from the ohmmeter. To obtain an 
accurate reading if other parts are connected 
across the suspected circuit, one end of the 
circuit to be measured should be disconnected 
from the equipment. For example, many of the 
resistors in major components and subassemblies 
are connected across transformer windings. To 
obtain a valid resistance measurement, the re¬ 
sistor to be measured mast be isolated from the 
shunt resistances. 

Resistance tests are also used for checking 
a part for grounds. In these tests, the parts 
should be disconnected from the rest of the 
circuit so that no normal circuit ground will 
exist. It is not necessary to dismount the part 
to be checked. The ohmmeter, which is set for 
a high resistance range, is then connected between 
ground and each electrically separate circuit of 
the part under test. Any resistance reading less 
than infinity indicates at least a partial ground. 
Capacitors suspected of being short circuited 
can also be checked by a resistance measure¬ 
ment. To check a capacitor suspected of being 
open, temporarily shunt a known perfect capa¬ 
citor across it, and recheck the performance of 
the circuit. 

PRECAUTIONS IN USE OF METERS 

The following are guides for the proper use 
of meters. 

1. An ammeter is always connected in 
series — NEVER in parallel. 

2. A voltmeter is connected in parallel. 

3. An ohmmeter is NEVER connected to a 
live circuit. 

4. Polarity must be observed in the use of 
a d-c ammeter or a d-c voltmeter. 

5. Meters should be viewed directly from the 
front. When viewed from an angle off to the 
side, an incorrect reading will result because 
of optical parallax. 

6. Always choose an instrument suitable for 
the measurement desired. 

7. Select the highest range FIRST and then 
switch to the proper range. 

8. In using a meter, choose a scale which 
will result in an indication as near midscale 
as possible. 

9. Do not mount or use instruments in the 
presence of a strong magnetic field. 


10. Remember, a low internal resistance volt¬ 
meter (low sensitivity) may shunt the circuit 
being measured and result in incorrect readings, 

BRIDGE CIRCUITS IN METERS 

An instrument employing a bridge circuit 
should be used in the measurement of resistance, 
capacitance, and inductance where a high degree, 
of accuracy is desired. Bridge circuits are< 
used in both a-c and d-c measuring instruments; 
both types are discussed in this section. 

Use of D-C Bridges 

A type of circuit that is widely used for 
precision measurements of resistance is the 1 2 3 4 5 6 7 8 9 
Wheatstone bridge. This type bridge is discussed! 
in detail in Basic Electricity , NavPers 10086-B. 
We shall discuss only its use in determining a] 
value of resistance for an unknown resistor. The 
circuit diagram of a Wheatstone bridge is shown 
in figure 12-13. 

In figure 12-13; R lf Rg, and R are precision 
variable resistors and Rx is the resistor whosjj 
value is unknown. The galvanometer G is inserted 
across terminals b and d to indicate the condition 
of balance. When the bridge is properly balanced 
there is no difference of potential between terntf 
inals b and d. Thus, the galvanometer deflection] 
when the switches S and Sg are closed, will 
be zero. 

The operation of the bridge is explained id 
a few logical steps. When the switch S 2 is 
closed, current will flow from the negative 
terminal of the battery to point a. Here th^ 
current will divide as in any parallel circuit, ^ 
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part of it passing through R and R 2 and the 
remainder passing through R^and R . The two 
currents, labeled Ij and unite at point c 
and return to the positive terminal of the battery. 
The value of 1^ depends on the sum of resistances 
Rl and R„ while the value of I 2 depends on the 
sum of resistances R 3 and IT. R-^, R 3 , and 
R- are adjusted so there will b^no deflection of 
the galvanometer needle when both switches are 
closed. Thus, there is no difference of potential 
between points b and d. 

This means that the voltage drop across R 
(E ) is the same as the voltage drop across R 1 
(E 1 ). By similar reasoning, the voltage drops 
across R 2 and R , that is E 2 and E , are also 
equal. Expressed Algebraically, x 


or 

and 

or 


= E. 


T 1 R 1 ~ X 2 R 3 
E n = E 


h*2 = ! 2 R x 


Dividing the voltage drop across R^ and R 3 
by the respective voltage drop across R 0 and 
R , 


R i 
l l R 2 


l 2 R 3 

y*T 


Simplifying 


R, 


R 

x 


R 3 

IT 

R 2 R 3 

R_ 


The resistance values of R , R 2 , and R_ 
are readily determined from the markings on 
the standard resistors, or from the calibrated 
dials if a dial type bridge is used. Then, after 
the bridge has been properly balanced, the 
unknown resistance may be determined by using 
the formula. 


Use of A-C Bridges 

There is a wide variety of a-c bridge circuits 
that may be used for the precision measurements 
of resistance, capacitance, and inductance. Before 
discussing a specific bridge, let’s look at a-c 
bridges in terms of the functions they perform. 


A-C RESISTANCE BRIDGE. —The Wheatstone 
bridge discussed previously under d-c bridge 
circuits is also applicable to circuits utilizing 
alternating current, as shown in figure 12-14. 

As shown in figure 12-14, an a-c signal 
generator is used as the source of voltage. 
Current from the generator G passes through 
resistors R and R 2 , which are known as the 
ratio arms, 1 and threugh R and R x . R is an 
adjustable standard resistance and R is the 
unknown resistance. When the voltage-drops 
across R and R are equal, the voltage-drops 
across R 1 and R x are also equal, and no difference 
of potential exists across the meter. As discussed 
in the section on d-c bridges, when no voltage 
appears across the indicating device, the following 
ratio is true: 




and 


R 


x 


R s R 2 
R 1 


It is necessary to select the proper resistance 
values of R , R 2 , and R so that the meter 
will remain Centered when power is applied. 
With these values of resistance known, the value 
of the unknown resistance may be found. 


A-C CAPACITANCE BRIDGE. —The value of 

an unknown capacitance C may be determined 

X 



Figure 12-14. —A-C resistance bridge circuit. 
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by a capacitance bridge (fig. 12-15). The ratio 
arms, R and R 2> are accurately calibrated 
resistors. C is a standard capacitor whose 
capacitance i^ known, R is the equivalent series 
resistance of the standlrd capacitor, and R is 
the equivalent series resistance of the unknown 
capacitor. 

With the a-c signal applied to the bridge, R^ 
and Rg are varied until a zero reading is seen 
on the^ meter. Zero deflection indicates that the 
bridge is balanced. (Note: In actual practice 
the variables are adjusted for a minimum reading 
since the phase difference between the two legs 
will not allow a zero reading.) Since current 
varies inversely with resistance and directly 
with capacitance, an inverse proportion exists 
between the four arms of the bridge. Thus, 



or 

R 1 c s 
C x “ R 2 

Since R and R« are expressed in the same 
Hi 

units # 'Tt 2 ’t )ecomes a simple multiplication factor. 
This equation will give a numerical value for 
C and the answer will be in the same units as 
C g (farad, microfarad, etc.). 


Similarly, the following direct proportion 
exists between the four arms of the bridge: 


or 

R ^ - R2 R s 

x Rl 

Thus the unknown resistance and capacitance, 
R and C , can be estimated in terms of the 
known resistance R , R 2 , and R g and the known 
capacitance C g . 

INDUCTANCE BRIDGE. —The value of an 
unknown inductance L* may be determined by 
means of the simple bridge circuit shown in 
figure 12-16. The ratio arms R and Rg are 
accurately calibrated resistors. L A is a standard 
inductor whose inductance is knSwn, R is its 
resistance. R x represents the resistance of the 
unknown inductor. 


Referring to figure 12-16, the a-c signal is 
applied to the bridge while the two variable 
resistors R^ and Rg are adjusted for a minimum 
or zero deflection of the meter, indicating a 
condition of balance. When the bridge is balanced, 





Figure 12-15. —A-C capacitance bridge. Figure 12-16. —A-C inductance bridge. 
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or 


and 


or 


L 

x 


r 2 l s 
R 1 



R 


x 


r 2 r s 
R 1 


Thus, the unknown resistance and inductance 
can be estimated in terms of the known re¬ 
sistance R , R 0 , and R and the known induct- 
T l z s 

ance L . 
s 

R-C-L Bridge AN/URM-90 

The bridge most likely to be encountered by 
the FTM is the R-C-L Bridge AN/URM-90 
(fig. 12-17). The AN/URM-90 is a self-contained, 
dial face instrument used in electrical and 
electronic work where the values and character¬ 
istics of resistors, capacitors, and inductors 
must be accurately measured. D-c measurements 
are obtained by means of a galvanometer. An 
electron-ray tube (type 6U5) is utilized for a-c 


CAPACITANCE- INDUCTANCE-RESISTANCE 
BRIDGE ZM-30/U 



Figure 12-17. —R-C-L Bridge AN/URM-90. 
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measurements. The electron-ray tube provides a 
shadowed angle type presentation to indicate 
conditions of bridge balance. When the shadowed 
angle is wide, an unbalanced condition exists. 
The calibrated dials are adjusted so as to obtain 
a narrow shadowed angle which indicates a 
balanced bridge. 

The AN/URM-90 has a 1000 Hz internal 
power source. If, however, measurements are 
desired at some other frequency, the set has an 
operating frequency range of 100 to 10,000 Hz 
when used in conjunction with an appropriate 
audio oscillator. The range of measure for each 
function is as follows: 

1. Resistance — 0.1 milliohm to 11 megohms. 

2. Capacitance —0.1 micro-microfarad to 
1100 microfarads; 

3. Inductance — 0.1 microhenry to 1100 henrys. 

A technician using a bridge such as this 
will need detailed knowledge concerning its opera¬ 
tion. These details are contained in the technical 
manual for the test set, TM-2646AC1. 


PRECAUTIONS AND PROCEDURES IN 

MAKING ELECTRICAL MEASUREMENTS 

Most troubles can be found by taking voltage 
measurements. These measurements can be made 
easily, since they are always made between 
two points in a circuit and the operation of 
the circuit need not be interrupted. Unless 
otherwise indicated in a voltage chart, voltages 
are usually measured between the indicated 
points and ground. 

Always use a meter that has the same ohms- 
per-volt sensitivity as the one used originally 
to develop the voltage chart. The type of re¬ 
ference meter used will be stated on the chart. 
Always begin voltage measurements by setting 
the voltmeter on the highest range, so that the 
voltmeter will not be overloaded. Then, if it 
is necessary to obtain increased accuracy, set 
the voltmeter to a lower range. Always use 
the range that gives a deflection on the upper 
part of the scale. 

In checking cathode voltage, remember that 
a reading can be obtained when the cathode 
resistor is actually open, the resistance of 
the meter acting as a cathode resistor. 

Certain precautions must be followed when 
measuring voltages above a few hundred volts 
since high voltages are dangerous and can be 


fatal. When it is necessary to measure higji 
voltages, observe the following rules. 

1. Connect the ground lead to the voltmeter. 

2. Place one hand in your pocket. 

3. If the voltage is more than 300 volts, 
shut off the power, connect the hot test lead, 
step away from the voltmeter, turn on the power, 
and note the reading on the voltmeter. Do not 
touch any part of the voltmeter, particularly 
when it is necessary to measure the voltage 
between two points both of which are above 
ground. 

It is essential that the voltmeter resistance 
be at least 10 times as large as the resistance 
of the circuit across which the voltage is meas¬ 
ured. If the voltmeter resistance is comparable 
to the circuit resistance, the voltmeter will 
indicate a lower voltage than the actual voltage 
present when the voltmeter is not in the circuit. 

When a voltmeter is loading a circuit, the 
effect can be noted by comparing the voltage 
reading on two successive ranges. If the voltage 
readings on the two ranges do not agree, volt¬ 
meter loading is excessive. The reading (not 
the deflection) on the highest range will be 
greater than on the lowest range. If the volt¬ 
meter is loading the circuit heavily, the deflection 
of the pointer will remain nearly the same when 
the voltmeter is shifted from one range to another. 

To minimize voltmeter loading in high re¬ 
sistance circuits, use the highest voltmeter 
range. Although only a small deflection will be 
obtained (possibly only 5 divisions on a 100- 
division scale), the accuracy of the voltage 
measurement will be increased. The decreased 
loading of the voltmeter will more than compensate 
for the inaccuracy which results from reading 
only a small deflection on the scale of the 
voltmeter. 

Current measurements other than those in¬ 
dicated by the panel meters ordinarily are not 
required in troubleshooting. Under special cir¬ 
cumstances where the voltage and resistance 
measurements alone are not sufficient to localize 
the trouble, a current measurement can be 
made by opening the circuit and connecting an 
ammeter in series. This procedure is not rec¬ 
ommended except in very difficult cases. 

When the meter is inserted in a circuit to 
measure current, it should always be inserted 
away from the RF end of the resistor. For 
example, when measuring plate current, do not 
insert the meter next to the plate of a tube, but 
insert it next to the end of the resistor which 


448 


Digitized by v^,ooQle 


Chapter 12 —GENERAL PURPOSE TEST EQUIPMENT 


connects to the power supply. This precaution 
is necessary to keep the meter from affecting 
RF voltages. 

CAUTION: A meter has least protection against 
damage when it is used to measure current. 
Always set the current range to the highest 
value. Then, if necessary, decrease the range to 
give a more accurate reading. Avoid working 
close to full-scale reading because this increases 
the danger of overload. 

In most cases, the current to be measured 
flows through a resistance which is either known 
or can be measured with an ohmmeter. The 
current flowing in the circuit can be determined 
by dividing the voltage drop across the resistor 
by its resistance value. The drop across the 
cathode resistor is a convenient method of 
determining the cathode current. 

Before making resistance measurements, turn 
off the power. An ohmmeter is essentially a low- 
range voltmeter and battery. If it is connected 
to a circuit to which power is being applied, 
the needle will be forced off scale and the 
meter movement may be burned out. 

Capacitors must always be discharged before 
resistance measurements are made. This is 
very important when checking power supplies 
that are disconnected from their load. The dis¬ 
charge of the capacitor through the meter will 
burn out the meter movement and in some cases 
may endanger life. 

It is important to know when to use the low 
resistance range of an ohmmeter. When checking 
circuit continuity, the ohmmeter should be set on 
the lowest range. If a medium or high range is 
used, the pointer may indicate zero ohms, although 
the resistance may be as high as 500 ohms. When 
checking high resistances or measuring the 
leakage resistance of capacitors or cables, the 
highest range should be used. If a low range is 
used in this case, the pointer will indicate infinite 
ohms, although the actual resistance may be less 
than a megohm. 

When a resistance is measured and the value 
is found to be less than expected, make a careful 
study of the schematic to be certain that there 
are no resistances in parallel with the one that 
has been measured. Before replacing a resistor 
because its resistance measures too low, dis¬ 
connect one terminal from the circuit and measure 
its resistance again to make sure that the low 
reading does not occur because some part of the 
circuit is in parallel with the resistor. 


When checking a grid resistance, a fal6e 
reading may be obtained if the tube is still 
warm and the cathode is emitting electrons. 
Allow the tube to cool, or connect the ohmmeter 
test leads so that the negative test lead is 
applied to the grid. 

Tolerance is the normal difference to be 
expected between the rated value of the resistor 
and its actual value. Most general purpose 
resistors have a tolerance of 20 percent. For 
example, the grid resistor of a stage might have 
a rated value of 1 megohm. If the resistor were 
measured and found to have a value between 
0.8 and 1.2 megohms, it would be considered 
normal. Some precision resistors and potentiom¬ 
eters are used. When a resistor is used whose 
value must be very close to its rated value, 
the tolerance is stated on the diagram and in 
the maintenance parts list. 

The ohmmeter method of checking electrolytic 
capacitors is a method used by many technicians 
if precision test equipment is not available or 
close at hand. 

A resistance measurement is made on the 
discharged electrolytic capacitor, using the high- 
resistance range of the ohmmeter. When the 
ohmmeter leads are first applied across the 
capacitor, the meter pointer rises quickly and 
then drops back to indicate a high resistance. 
The test leads are then reversed and reapplied. 
The meter pointer should rise again—even higher 
than before — and again drop to a high value 
of resistance. The deflections of the meter are 
caused when the capacitor is charged by the 
battery of the ohmmeter. When the leads are 
reversed, the voltage in the capacitor adds to the 
applied voltage, resulting in a greater deflection 
than at first. 

If the capacitor isopen-circuited, no deflection 
will be noted. If the capacitor is short-circuited, 
the ohmmeter indicates zero ohms. The resistance 
values registered in the normal electrolytic 
capacitor result from the fact that there is a 
leakage present between the electrodes. Because 
the electrolytic capacitor is a polarized device, 
the resistance will be greater in one direction 
than the other. 

Should a capacitor indicate a short circuit, 
one end of it must be disconnected from the 
circuit and another resistance reading be made 
to determine if the capacitor is actually at 
fault. 

Unless your ohmmeter has a very high re¬ 
sistance scale you will not see a deflection of 
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the meter when checking small capacitors. Even 
a scale of R x 10,000 is not sufficient for very 
small ones; the smaller the capacity the less 
leakage across the plates, therefore the more 
the resistance. 

TUBE TESTERS 

Electron tubes do not last indefinitely. Coated 
cathodes lose their power to emit electrons 
because the coating flakes off. Likewise, im¬ 
pregnated emitters of filament type tubes become 
depleted with age. There are other factors that 
cause electron tubes to function improperly — 
for example, defective seals permit air to leak 
into the tube and “poison” the emitting surface, 
and vibration or excessive voltage may cause 
internal shorts or opens. Whenever electronic 
equipment operates subnormally one of the first 
maintenance procedures is to check the tubes 
with a tube tester. This often results in finding 
weak tubes and replacing them prior to failure. 
A new tube should be tested before it is used. 

Two types of tube testers are in general 
use. One type, the EMISSION TYPE tester, 
indicates the relative value of a tube in terms 
of its ability to emit electrons from the cathode. 
The second and more accurate type is the 
MUTUAL-CONDUCTANCE (or transconductance) 
tube tester. This tube tester not only gives 
an indication of the electron emission but also 
indicates the ability of the grid voltages to 
control he plate current. 

The end of a useful life of a tube is usually 
preceded by a reduction in electron emissivity — 
that is, the cathode no longer supplies the 
number of electrons necessary for proper oper¬ 
ation of the tube. In the emission tester, the 
proper voltages are applied to each electrode' 
in the tube, and a meter indicates the plate 
current. If the tube has an open element or is’ 
at the end of its useful life, the emission tester 
gives an indication of this defect in the lower, 
or reject, portion of the meter scale. 

A tube may have normal emission and still 
not operate properly because tube efficiency 
depends on the ability of the grid voltage to 
control the plate current. The emission type 
tester indicates only the plate current and not 
the ability of the grid to control the plate 
current. The transconductance type tube tester, 
however, indicates how the tube operates, not 
merely the condition of the emitting surface. 

The terms “mutual conductance” and “trans¬ 
conductance” are used interchangeably in many 


text6. The Navy Department prefers transcon¬ 
ductance , but many commercial tube testers are 
marked “mutual conductance.” 

When the prefix “dynamic” is used, as in 
“dynamic transconductance,” it means that the 
characteristics of the tube in operation are being 
tested. The difference between the dynamic and 
static characteristics lies in the effect produced 
by the load impedance on the operation of the 
tube. Most tube testers, other than the emission 
type, test the dynamic characteristics by placing 
the tube in a working circuit. 

Tube Tester TV-10/U is used extensively 
aboard SMS ships. It will be typical of any 
others that you may encounter. 

TUBE TEST SET TV-lO/U 

The technical manual NAVSHIPS 93069 is 
issued with each TV-lO/U tester. It contains 
complete information about the tester including 
schematic diagrams. In this discussion emphasis 
will be placed on the technical characteristics 
of the tester with a brief explanation of the 
various tests performed on electron tubes. 

The TV-lO/U is a portable tube tester of 
the dynamic mutual conductance type designed to 
test and measure the mutual conductance values 
of electron tubes of the receiving types and 
many of the smaller transmitting types. Noise 
test jacks (J103 and Jl04) are included for 
checking noisy tubes. 

Tests that can be made on the TV-lO/U a& 
( 1 ) dynamic mutual conductance test, (2) shores 
test, (3) gas test, (4) noise test, (5) rectifier 
test, and (6) pilot lamp test. 

The following technical data apply to the 
TV-10/U: 

Meter range.0 to 30,000 micromhos. 

Tubes.2 (l type 83, 1 type 

5Y3WGTA). 

Power consumption.75 watts at 60 Hz mini¬ 

mum. 

Power supply: :r '* 


Voltage.105 to 125 volts, single 

phase. 

Frequency....50 to 400 Hz. 
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Tester Controls 

Figure 12-18 shows the TV-lO/U tester. 
Refer to this figure when studying the functions 
of the various controls, as follows: 

a. Power input to the test set is controlled 
by the POWER switch, Sill. The PILOT lamp 
(DS102) serves as an ON-OFF indicator for the 

equipment. 

b. The LINE ADJUST, R-122, controls the 
input voltage to the power transformer, TlOl, 
for proper standardization of the tube test circuits. 

c. THE ROLL CHART NlOl, located at the 
bottom of the panel, is operated by a phenolic 
gear which protrudes through the panel in the 
lower righthand corner. Appropriate column head¬ 
ings on the panel just above the index window 
provide easy reference to tube test data printed 
on the roll chart. 


d. The FILAMENT VOLTAGE switch, Sl08, 
provides a selection of filament or heater voltages 
from 0.6 volts through 117 volts ac in eighteen 
steps. Another position on this switch, marked 
BLST., provides for testing ballast tubes. An 
OFF position is also provided. 

e. SELECTORS: FILAMENT Sl07, FILAMENT 
S106, GRID S105, PLATE S104, SCREEN Sl03, 
CATHODE Sl02, and SUPPRESSOR SlOl provide 
proper switching of the internal circuits to apply 
correct test voltages to the various pins of the 
tube under test. 

f. BIAS control Rl30 is used to adjust the bias 
voltage applied to the tube under test to the proper 
value. 

g. SHUNT control, a potentiometer Rl23, 
controls the sensitivity of the meter circuit to 
the proper level of testing rectifier and diode 
type tubes. 


X107 X112 X1U X106 X105 X104 X103 XI15 M101 

XU3\jl02 R130 J101 R123 /J103/DS101 /si09 
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Figure 12-18. — Electron Tube Test Set TV-lO/U, showing controls by 

symbol designation. 
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h. SHORTS—MICROMHOS SWITCH, Sl09, 
selects the proper range of mutual conductance in 
micromhos for the tube under test as indicated 
on the roll chart. When this switch is set in 
the “A” or SHUNT position, the SHUNT poten¬ 
tiometer is connected into the circuit and must 
be set as indicated by the chart. This position 
of the switch is used when testing rectifier or 
diode type tubes. The letters “A”, “B”, “C”, 
“D”, and “E” at the five positions of the 
MICROMHOS switch indicate the meter scale 
on which the reading is to be made. In positions 
“B”, “C”, “D*’, and “E” fixed shunt resistors 
are connected across the meter and proper signal 
voltages are selected for the various ranges of 
micromhos. This switch also has five short 
test positions which connect the various elements 
of the tube under test to the short test circuit 
containing the neon indicator lamp (DSlOl). 

i. Push button switches located in the center 
of the panel actuate the final circuit selector 
switches for the type of test to be made as 
follows: 

(1) Pi: LINE ADJUST test button (SllO). 

(2) P2: Test button for detector type diodes 

such as type 6H6. 

(3) P3: RED test button for mutual con¬ 

ductance test of amplifier tubes 
only. NEVER USE THIS BUTTON 
WHEN TESTING RECTIFIER 
TUBES. 

(4) P4 and P5: Test buttons for gas test. 

(5) P6: Test button for cold cathode recti¬ 

fiers such as type OZ4. 

(6) P7: Test button for rectifiers such as 

type 5Y3, 6X4, 83, etc. 

(7) P8: Test button for reversing polarity 

of voltage applied to the meter 
when testing certain types of tubes. 

j. METER MlOl. 

The mutual conductance, MICROMHOS, ranges 
are printed in black and are identified by the 
small letters “B”, “C”, “D”, and “E” at the 
right hand end of the scale. These letters corres¬ 
pond with the SCALE letters at the positions of 
the MICROMHOS switch S109. Scale “B” 0 to 
3000 micromhos, scale “C” 0 to 6000 microm¬ 
hos, scale “D” 0 to 15,000 micromhos, and 
scale “E” 0 to 30,000 micromhos. 

The “A” scale is for checking rectifier 
and diodes, and is used when the MICROMHOS 
switch is in the SHUNT or “A” position. 


Indicator Lamps 

The PILOT indicator (DSl02) contains a minia¬ 
ture lamp which glows when the power switch is 
in the ON position. The neon short lamp (DSlOl) 
serves to indicate and locate shorted tube ele¬ 
ments. The FUSE lamp (RTlOl) serves both as 
a protective fuse and an overload indicatop, 
This lamp will flash brightly when an overload 
is placed on the test set or the tube under 
test. The BIAS FUSE lamp (RT102) protects the 
BIAS control R130. An accidental overload will 
cause the lamp to glow. An excessive or prolonged 
overload will burn out the fuse lamp, and replace¬ 
ment will be ncessary. 

Test Sockets 

The tube sockets (X103-X115) are grouped 
along the top edge of the panel. The sockets 
and their descriptive names are as follows: 
SUBMINIATURE tubes, 7 PIN MINIATURE tubes, 
9 pin NOVAL base miniature tubes, LOCKTALand 
OCTAL tubes, a combination large and small 
radius socket for standard 7 pin tubes which 
also provides a pilot lamp test receptacle, and 
sockets for standard 6, 5 and 4 pin tubes. An 
acorn tube socket designed to accommodate all 
tubes of this type is at the right of the FILA¬ 
MENT voltage switch. 

Connections 

Two jacks (JlOl and J102) on the control 
panel marked G (grid) and P (plate) are used 
when making connections to the top cap of the 
tube being tested. 

Three test leads and two adapters are pro¬ 
vided in the cover of the case, figure 12-19. 
For tubes having top grid connections, top plate 
connections, or both, use grid and plate leads 
W102 and Wl03. For lighthouse type tubes use 
W101. 

Due to special bases or unusual contact 
arrangement tube types 3E29, 829A, 832A and 
2C39 cannot be tested directly in the regular 
test sockets. Tube socket adapters ElOl and 
El02 are provided for testing these tubes. 

Tube Test Data 

All information necessary for properly set¬ 
ting the tube test controls for the various tube 
types is tabulated on the roll chart (NlOl, 
figure 8-18) in nine columns under the following 
headings, reading from left to right: 
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EiOl E102 
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Figure 12-19. — Test leads and adapters. 


(1) TUBE TYPE: All currently available 
type numbers which the TV-10A/U is 
designed to test are listed numerically 
in this column starting with type 00 A and 
continuing through type XXL. Tubes having 
type letters only instead of numbers, such 
as XXB, are listed at the end of the 
numerical listings. 

(2) FILAMENT: Correct filament or heater 
voltages for the tube types listed are 
shown in this column. FILAMENT VOLT¬ 
AGE switch must be adjusted accordingly 
BEFORE inserting a tube in any of the 
test sockets. 

(3) SELECTORS: In this column are listed 
the correct settings for the two FILA¬ 
MENT selector switches, and the GRID, 
PLATE, SCREEN, CATHODE, AND SUP¬ 
PRESSOR selector switches. The settings 
follow the same order in which the switches 
appear on the panel reading from left to 
right. 

(4) BIAS: This column lists the proper set¬ 
tings for the BIAS control which adjusts 
the bias voltage applied to the tube under 

4 test. 

(5) SHUNT: This column lists the settings 
for the SHUNT potentiometer, which con¬ 
trols the sensitivity of the meter circuit. 
Setting of this dial is only required when 
the MICROMHOS switch is set to the 
SCALE “A” SHUNT position. 


(6) SCALE: In this column are listed the 
proper settings for the MICROMHOS 
switch. The letters “A”, “B”, “C”,“D”, 
and “E” also correspond with the meter 
scale on which readings are to be taken. 

(7) PRESS: Under this heading are listed the 
correct test PUSHBUTTONS to use for 
the various tube types and their individual 
sections in the case of multipurpose tubes. 

(8) MUT. COND: In this column are the 
MINIMUM, not average, mutual conduct¬ 
ance values for amplifier tubes and ampli¬ 
fier sections of multipurpose tubes. A 
lower mutual conductance reading gener¬ 
ally indicates an unsatisfactory tube. 
Classes of tubes, or sections of multi¬ 
purpose tubes other than amplifier having 
no mutual conductance rating are indi¬ 
cated in this column by the following 
designations: 


Rect.Rectifier (power type) 

Diode.Detector type diode rectifier 

Thyr.Thyratron 

Eye.Tuning Eye 


(9) NOTATIONS: Under this heading is listed 
special information pertaining to particular 
tube types. 

Line Voltage Test 

During the following discussion of theory of 
operation refer to the simplified power supply 
circuit in figure 12-20. 

Pressing the LINE ADJ. pushbutton P-1 con¬ 
nects the meter M101 in the bridge circuit 
associated with rectifier CRlOl and through 
series, resistors Rl26 and Rl29 to the power 
transformer, TlOl (fig. 12-20). 

The value of the screwdriver operated internal 
calibration resistor Rl26 is adjusted so that l2i 
volts RMS across 19 and 37 of the power supply 
will cause the meter MlOl to read at LINE TEST 
(fig. 12-21). 

The design of the power transformer TlOl 
is such that 93 volts applied to the primary 
winding will induce l2i volts across the total 
secondary s 7 winding or across points 19 and 
37. 

Therefore, if with the LINE ADJ. pushbutton 
P-1 pressed down, the LINE ADJUST CONTROL 
Rl22 is turned until the pointer of the meter, 
MlOl, is exactly over the LINE TEST mark a 
standard voltage of 93 volts RMS will be estab¬ 
lished across the primary winding of TlOl. 
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gure l2-2l. — Simplified line voltage test 
circuit. 


iort Test 

An a-c potential of approximately 170 volts 
MS from secondary 4 2 of TlOl is applied to 
iltage divider resistors Rl03 and Rl05develop- 
g a voltage of approximately 90 volts RMS 
ross Rl03. This voltage is applied to the 
ements of the tube under test through the capa- 
tor Cl02 and the neon short test lamp DSlOl 
lich is shunted by R1O6 (fig. 12-22). 

Turning the SHORTS test switch Si09 through 
sition 1, 2, 3, 4, and 5 connects the various 
ements of the tube under test between the neon 
mp and capacitor Cl02. The SELECTORS must, 
course, be set correctly for the particular 
be. Any shorts between the elements will com- 
ete the circuit from capacitor C102 to the 
on lamp causing it to glow. 

>ise Test 

The short test circuit may also be used for 
iking a noise test of electron tubes. 

Connect the NOISE TEST jacks, Jl03 and J104, 
the antenna and ground posts of any radio 
ceiver. 

Turn the SHORTS test switch Sl09 through 
sitions 1, 2, 3, 4, and 5, meanwhile tapping 
2 tube under test with a finger, or the eraser 
a pencil. Intermittent disturbances between 
2 electrodes too brief to register on the neon 
mp will cause a momentary short, permitting 
2 alternating voltage from the power supply 
be applied to the neon lamp causing a brief 


TO ELEMENTS OF TUBE 
THROUGH SHORT TEST SWITCH 



167.790 

Figure 12-22. — Simplified short test circuit. 


oscillation. This oscillation will be reproduced 
by the loud speaker or headphones as an audible 
signal similar to static. 

Rectifier Test 

Rectifier tubes and diode detector tubes can 
only be tested for emission. The test circuit is 
therefore quite simple (fig. 12-23). 

Pressing button P7 applies an a-c potential 
of 35 volts between the cathode and plate of the 
tube under test through resistor R102, and the 
meter, MlOl, causing the tube to rectify. This 
test is used for power rectifiers such as the 
5Y3 or 83 types. 

The rectifying action of the tube under test 
will cause a direct current to flow through the 
meter. Since the current indicated by the meter 



Figure 12-23. — Simplified rectifier test circuit. 
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is proportional to the electron emission of the 
tube, the meter reading may be taken as a 
measure of the tube’s efficiency. 

A line on the meter scale marked RECTIFIER 
OK indicates the point above which rectifier 
tubes are considered satisfactory. Tubes reading 
below this line should be rejected. 

Pressing the button P6 sets up a circuit 
similar to figure 2-6, but a higher voltage is 
applied, 330 volts a-c, for testing rectifiers of 
the cold cathode type such as the 0Z4. 

Pressing button P2 also establishes a circuit 
similar to figure 2-6, but a lower voltage, 20 
volts a-c, is used to protect the delicate cathodes 
of diode detector types such as the 6H6. 

Mutual Conductance 

The mutual conductance (gm) of an ampli¬ 
fier-type vacuum tube, also called the grid- 
plate transconductance, is an expression repre¬ 
senting the efficiency of performance of a tube 
as indicated by the change in plate current 
(A IP) divided by the change in grid voltage 
(£Eg). The relation is generally written Gm — 
ip/eg. The value is expressed in micromhos 
and is a performance indication because it 
shows how effective a tube is in converting a 
small change in grid voltage (grid signal) to a 
large change in plate current. 

For the measurement of the mutual conduct¬ 
ance value directly, the proper d-c grid voltage 
for the tube under test is supplied by a full- 
wave rectifier circuit using a 5Y3WGTA tube, 
V102. Setting BIAS control potentiometer Rl30 
at the value called for on the test data roll 
chart adjusts this negative bias voltage to the 
correct value for the particular tube under test 
(fig. 12-24). 

Alternating signal voltage from a separate 
secondary winding (Sec. # 3) on the power trans¬ 
former, TlOl, acts in series with the grid bias 
as required for this type of test. This voltage 
alternately swings the grid in positive and negative 
directions from the d-c bias value, thereby pro¬ 
ducing the grid-voltage (^Eg) required for a 
dynamic test. 

The plate voltage for the tube under test is 
supplied by another full-wave rectifier circuit, 
using a type 83 tube VlOl. The return lead 
contains the meter circuit which serves to 
measure the plate-current change (aI p). 

The mutual conductance test circuit is actuated 
by pushbutton P3. 

The normal screen voltage of 130 volts is 
excessive for testing certain tubes such as type 


1R5. In such cases it is necessary to pres 
pushbutton P2 before pressing the red pushbutfo 
P3. Pressing P2 operates switch SllO-2 an 
reduces the screen voltage to approximately 5 
volts as illustrated by figure 12-24. 

Gas Test 

Pressing GAS-1 pushbutton P4 applies definit 
values of plate voltage and grid bias voltage fc 
the tube under test, causing a definite value a 
plate current to flow. This current is indicate 
on the meter, Ml01 (fig. 12-25). 

Pressing GAS-2 pushbutton P5 inserts i 
180,000 ohm resistor, Rl27, in the grid circuit 
If grid current is flowing from the bias voltagi 
source through the grid circuit to the cathodi 
due to gas in the tube, this current will develg 
a voltage drop across resistor Rl27. This voltagi 
drop will reduce the negative bias on the grid 
causing a corresponding increase in the plati 
current being measured by the meter. 0 

If the tube contains gas, the pointer of th( 
meter will move up scale. This increase ii 
meter reading should not exceed one seal! 
dvision. 

TRANSISTOR TESTING 

Transistors may be tested “in-circuit” oi 
“out-of-circuit.” Also, the tests may be eithei 
d-c, where the measurements are made by d-c 
test equipment, or a-c, where there is an a-c 
input to the base circuit and an output from the 
collector circuit. A-c measurements may be made 
either in-circuit or out-of-circuit only; other* 
wise, the measurements might be affected bj 
equipment a-c or biasing voltages. 

PRECAUTIONS TO TAKE BEFORE 
MAKING ANY TRANSISTOR TEST 

1. Make sure that all power has been removed 
from the equipment under test before servicing 
testing, or removing a transistor or transistorize! 
assembly. 

2. Before employing any test equipment, II 
should first be determined that the test instrumed 
meets the requirements for the test and typed 
circuit. 

3. Be sure that any line-powered test equtaj 

ment has been properly grounded to the chassl^ 
the equipment under test. ' * 

4. Check the test equipment circuit on a| 
ranges, to be sure that it does not passmofl 
than 1 milliampere of current through the trial 
istorized circuit under test. More amperaj 
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Figure 12-24. — Simplified mutual conductance test circuit. 


167.792 


annot safely be used for testing most transistor 
ircuits. Use a low-resistance milliammeter in 
eries with the test leads for this check (fig. 
2-26). 

5. Before making any measurements, be sure 
lat any voltage applied is of the correct polarity 
5r the circuit under test. Do not depend on 


the indicated polarity; use a voltmeter in series 
with the test leads for this check. 

6. Do not troubleshoot transistor circuits 
by the shorting-to-ground method. Short circuits 
of any kind will damage a transistor. Extreme 
care must be taken to avoid these shorts —use 
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TO CONNECTION (H) 



special insulated test probes to prevent accidental 
shorting. 

A rough check may be made on a transistor 
by means of d-c tests that will determine its 
forward and backward resistances and also any 
leakages or shorts. Connections for these tests 
are shown in figure 12-27. With the positive 
ohmmeter lead connected to the base of a PNP 
transistor (fig. 1 2-27 A), a high-resistance reading 
(50,000 ohms or higher) should be obtained between 




Wu 


OHMMETER 


+ 



PNP-50,000 OHMS 
OR HIGHER 
NPN-500 OHMS 
OR LOWER 

A 



B 


Figure 12-27. — Transistor resistance test! 
A. Base lead positive. B. Base lead negative 




1.289 

Figure 12-26. —Measuring current passed by 
ohmmeter. 


base and emitter, and between base and collector, 
With the negative ohmmeter lead connected tothe 
base of a PNP transistor (fig. 12-26B), the 
resistance between the base and collector and be 
tween the base and emitter should be 500 ohm! 
or less. If the same ohmmeter te6ts are mad 
on an NPN transistor, the results will be rej 
versed; that is, the high-resistance readings wifl 
be obtained with the negative ohmmeter lead 
connected to the base, and the low-resistance 
readings with the positive ohmmeter lead connect¬ 
ed to the base. If the correct resistance readings 
are not obtained from the ohmmeter test, tu 
transistor should be replaced. ^ 

This type of test may also be used fdj 
determining the type of a transistor, PNP <1 
NPN, when its type is unknown. With the teq 
connection as in figure 12-27A, a high-resistant 
reading (50,000 ohms or higher) shows thatj 
is a PNP type; a low-resistance reading .(§0 
ohms or less) shows that it is an NPN type, 
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In checking transistors, there are two basic 
sts —collector current leakage and transistor 
in, or amplification. 

Age and exposure to higher-than-normal tem- 
iratures may develop greater-than-normal col- 
ctor leakage current, generally designated as 
0 . Such current is greatly dependent on ambient 
mperature; thus extreme care must be taken 
see that this temperature remains under con- 
ol. One positive sign of a defective transistor 
instability of I co . When there is a tendency 
r the leakage current to climb slowly of its 
m accord, it is quite evident hat the transistor 
defective. A high leakage current indicates 
deterioration of the transistor, and is usually 
jcompanied by lower gain. 

As illustrated in figure 12-28, collector leak- 
je current tests may be made in two ways, 
igure 12-28A shows the connections for checking 
ie leakage current in the collector-emitter 
ircuit, with the base open. Figure 12-28B 
lows the connections for checking the leakage 
irrent in the collector-base circuit, with the 
mitter open. Any contamination on the surface 
l the transistor, or a short circuit within, 
ill produce a high current reading on the 
leter. 

In comparing the two test arrangements, 
le only advantage of the test in figure 12-28A is 
tat, since the collector-emitter circuit is of 
iw resistance (possible about 1000 ohms), nor- 
lally there will be sufficient leakage current 
• be read on a milliammeter, which is nearly 




70.103 

Igure 12-28. — Collector leakage current test, 
schematic diagram. 


always available. However, the test outlined 
in figure 12-28B requires a much more sensitive 
instrument, and is preferred if a suitable in¬ 
strument is available. Since the transistor is 
reverse-biased (PNP-type transistor with nega¬ 
tive terminal of battery toward collector), the 
reverse current is very small. It is a high- 
resistance circuit (on the order of 50,000 to 
70,000 ohms), and the leakage current is usually 
no more than 10 to 15 microamperes. Such 
small currents are best measured on a trans¬ 
istor test set, which is usually provided with a 
sensitive microammeter. 

TEST FOR BETA 

Since one of the primary functions of a 
junction transistor is amplification, one of the 
basic tests, in addition to the collector leakage 
test, is a check of gain (or amplification), 
referred to as “beta.” The gain test is a 
measurement of the change in collector current 
for a small change in the base current. 

All of the current in a transistor is supplied 
by the emitter, of which more than 90 percent 
goes to the collector and the remainder to the 
base. Where, for example, 95 percent of the 
current goes to the collector and 5 percent to 
the base, then beta = 95/5 = 19. A beta of 19, 
then, means that for any change in current in 
the base, the change in the collector will be 19 
times as great. 

To measure beta, approximately correct re¬ 
sults can be obtained by removing the trans¬ 
istor from the equipment and using d-c test 
methods. Better results can be obtained, how¬ 
ever, when the test is made under operating 
conditions, using a-c test methods. This test 
can best be accomplished by use of a trans¬ 
istor test set designed specifically for the pur¬ 
pose. 

TEST SET AN/USM-206 

Transistor Test Set AN/USM-206 (fig. 12-29) 
is a portable instrument used for troubleshooting 
semiconductor circuits. It has been designed to 
preclude the possibility of externally induced or 
“self-made” failures by limiting the power 
that can be applied to the circuits under test. 
Accordingly, damage cannot occur to the semi¬ 
conductor under test from the application of 
incorrect polarity. The test set measures the 
Beta of a transistor, the resistance appearing 
at the electrodes of a transistor or diode, the 
reverse leakage of a transistor or diode, a 
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26.237 

Figure 12-29.— Test set, Semiconductor Device 
AN/USM-206 (cover removed). 


shorted or open condition of a diode, and the 
condition of its own batteries. The Transistor 
Characteristics Data Book, NAVSHIPS 0969-002- 
9020, should be used for comparing the measured 
characteristic with the characteristic value of a 
good transistor. 

The test set operating instructions and equi¬ 
valent circuits are shown in figure 12-30. 

Figure 12-31 is a simplified schematic of 
the AN/USM-206 Test Set. 

CATHODE-RAY OSCILLOSCOPE 

The cathode-ray oscilloscope is one of the 
most useful and versatile of test instruments. 
It is essentially a device for displaying graphs 
of rapidly changing voltages or currents, but 
is also capable of giving information concern¬ 
ing frequency values, phase differences, and volt¬ 
age amplitude. It is used to trace signals through 
electronic circuits to localize sources of dis¬ 
tortion and to isolate troubles to particular 


♦ 

stages. An oscilloscope that the FTM is likely 
to use is the Tektronix Type 545B. 

THE TEKTRONIX TYPE 545B 
OSCILLOSCOPE 

l 

The Tektronix Type 545B Oscilloscope (firf 
12-32) is a dual trace laboratory type oscill* 
scope. While the 545B was primarily design* 
for commercial use, it is rugged enough fol 
military use, including shipboard operation. ® 

The following brief discussion covers th 
characteriestics and operation of the 545B. Fo 
more complete details, refer to the appropriat 
technical manuals. 

The Type 545B Oscilloscope features tw 
time base generators, and was designed fo 
use with all Tektronix letters or l-series plug 
in units. 

The two time base generators can be use< 
in delayed sweep operation for highly accurat 
time measurements. 


Function of Controls and Connectors 

The Time Base A and Time Base B control 
serve identical functions with the exception ( 
the LENGTH control. 

TRIGGERING Selects the amplitude point o 

LEVEL the triggering signal whef 

sweep-triggering occurs. 

STABILITY Adjusts the oscilloscope fo 

a stable displayed waveform 
The STABILITY control ca 
be set to the PRESET positio 
and left there. This positio 
provides for convenient trig 
gering since only the TRIG* 
GERING LEVEL control need* 
to be adjusted to obtain a 
stable display. 


TRIGGERING AUTO: Permits normal trig- 

MODE gering on signals with repeti¬ 

tion rates higher than aboul 
50 Hz. With no trigger signalj 
or with a lower repetition 
rate, the trigger circuit frei 
runs at approximately 40 Hi 
and triggers the time base ai 
this rate, providing a refer¬ 
ence trace. 
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CAUTION: DEENERGIZE EQUIPMENT BEFORE PERFORMING IN-CIRCUIT TESTS 


OPERATING INSTRUCTIONS 


FUNCTION POS 


ACTIONS AND INDICATIONS 


EQUIVALENT CIRCUITS 


METER POINTER INDICATES EXACTLY ZERO ( 

USE. SI SHOULD ALWAYS BE 'Off TO AVOID l 

ON METER BATTERIES. 


CORRESPONDS 

TO TYPE OF 

DEVICE 

WOE* TEST 

UKIT) 


Y 

PLUG TRANSISTOR IN TEST JACK. CBE (TRANSISTOR SOCKET J2): OR 
CONNECT TEST LEAOS TO TRANSISTOR WITH YFLLOW TO EMITTER 

BLACK TO BASE AND RED TO COLLECTOR 

ADJUST BETA CAL' CONTROL RS. SO THAT METER INDICATES 

FULL SCALE. 


BETA XI 

1 

METER INDICATES BETA DIRECTLY ON TOP SCALE IF METER INDICATES 
BETA IS GREATER THAN 10. PLACE FUNCTION SWITCH SI IN THE 
‘BETA X 10’ POSITION 
(SEE NOTE) 


BETA X 10 

4 

... 

MULTIPLY THE METER INDICATION OF BETA BY 10 TO OBTAIN OE IA 
(SEE NOTE) 


BETA MEASUREMENTS <:n out of circuit) 


• jv h 





ELECTRODE RESISTAf- 

4CE MEASUREMENTS 

CN CIRCUIT) 


ohms 

E-B 

S 

TO EMITTER. BLACK TO BASE. AND RED TO COLLECTOR. 

RESISTANCE APPEARING BETWEEN EMITTER ANO BASE ELECTRODES IS 
INDICATED ON THE CENTER (RED) SCALE OF THE METER. 

® 

iN-AOJ-l) 

E 

\R \y 1 

| r—L— (SEE NOTE) 

OHMS 

C*B 

6 

RESISTANCE APPEARING BETWEEN COLLECTOR AND BASE ELECTRODFS 

IS INDICATED ON THE CENTER (REO) SCALE OF THE METER 

OHMS j 
C-E | 

7 

RESISTANCE APPEARING BETWEEN COLLECTOR AND EMITTER ELEC¬ 
TRODES IS INDICATED ON THE CENTER (RED) SCALE OF THE METEn. 

OR C\^ )B OR C 

Ico MEASUREMENTS (out of circuit) B 


CORRESPONDS TO 
TYPE OF DEVICE 
UNDER TEH 
(OUT) 


PLUG TRANSISTOR IN TEST JACK. JL 

METER INDICATES Ico DIRECTLY IN MICROAMPERES ON LOWEST SCALE. 
IF METER INDICATES OFF SCALE. PLACE FUNCTION SWITCH. SI. 

IN THE XIO POSITION. 


MULTIPLY THE METER INDICATION OF Ico BY 10 TO OBTAIN Ico 
IF METER INDICATES OFF SCALE REVERSE PNP ' NPN SWITCH 
AND REPEAT POS. I TESJ 







DIODE Ir MEASUREMENTS iout of circuit) 


CONNECT CATHODE OF DIODE TO RED TEST LEAD, ANO ANODE 
OF DIODE TO BLACK TEST LEAD. 

METER INDICATES If DIRECTLY IN MICROAMPERES ON LOWEST SCALE. 
IF METER INDICATES OFF SCALE. PLACE FUNCTION SWITCH. SI. 

IN THE XIO POSITION. 




■©; 




MULTIPLY THE METER INDICATION OF If BY 10 TO OBTAIN If 
IF METER INDICATES OFF SCALE. REVERSE PNP NPN SWITCH 
ANO REPEAT POS t TEST. 


DIODE IN CIRCUIT MEASUREMENTS 





CONNECT CATHODE OF DIODE TO REO TEST LEAD. ANO ANODE 

OF DIODE TO YELLOW TEST LEAD. INCREASE BETA CAL’CONTROL 

UNTIL METER DEFLECTS UPSCALE . REVERSE PNP NPN SWITCH IF 

METER DEFLECTS DOWNSCALE. 

NO OEFLECTION OF METER INDICATES THAT THE DIODE IS EITHER 
OPENED OR SHORTEO, OR THAT THE RELATEO CIRCUIT IMPEDANCE 

BETA CAL K 

I - 1 YEL \ REO . E 


BATTERS 

r CHECK 

_ 


1 

1 

IF BATTERIES ARE GOOO. METER INDICATES :N THE RED BOX 

LABELEO BAT*. 

BATTERIES A II . 

F 1 h H H H 1—p**'—(im}—p., 
v I- ^ -1 ^ v 




ALIGNMENT PROCEDURE 


Figure 12-30. — Operating instructions for AN/USM-206. 


26.237 


AC LF REJ: Attenuates trig¬ 
ger-signal frequencies below 
about 17 kHz allowing the trig¬ 
ger circuit to respond only 
to higher frequencies. 

AC: Blocks the d-c compo¬ 
nent of the triggering signal 
and allows triggering to take 


place only on the changing 
portion of the signal. 

For frequencies below about 
30 Hz, use the DC position. 

For best triggering at high 
frequencies, use an a-c coupl¬ 
ing position of the TRIGGER¬ 
ING MODE switch. 


461 


Digitized by 


Google 






















FIRE CONTROL TECHNICIAN (M) 3 & 2 


DC: Permits triggering on both 
high- and low-frequency 
(to d-c) signals. 

TRIGGER Determines whether the time 

SLOPE base is triggered on the nega¬ 

tive- (-) or positive- (+) going 
slope of the signal. 

LINE: Uses a line-frequency 
signal as a trigger. 

INT: Uses a portion of the 
signal applied to the vertical 
deflection plates of the CRT 
as a trigger signal. 

EXT: Provides external trig¬ 
gering on a signal applied to 
the TRIGGER INPUT con¬ 
nector. 

TIME/CM Selects the time-base sweep 

rate. 

TIME/CM Provides an uncalibrated 

VARIABLE sweep rate adjustment. The 

(Time sweep rate can be slowed to 

Base A) at least 0.4 X any setting of 

the TIME/CM switch. An UN¬ 
CALIBRATED lamp lights 
when the VARIABLE control 
is not in the CALIBRATED 
position. 

LENGTH Controls the length of the B 

(Time sweep. 

Base B) 

HORIZONTAL A: Allows only Time Base A 

DISPLAY to display on the CRT. 

B: Allows only Time Base B 
to display on the CRT. 

‘B’ INTENSIFIED BY ‘A’: One 
of the delayed-sweep func¬ 
tions. In this position, a portion 
of Time Base B is intensified 
during the time that Time Base 
A (the delayed sweep) is in 
operation. 

‘A’ DLY’D BY ‘B»: One of 
the delayed sweep functions. 


In this position, Time Base A 
is displayed at the end of 
each delay period as deter¬ 
mined by the B TIME/CM 
OR DELAY TIME and DELAY¬ 
TIME MULTIPLIER controls. 

‘A’ SINGLE SWEEP: Allows 
the Time Base A generator 
to sweep once upon receipt of 
trigger signal and not sweep 
again until the circuit has 
been reset with the RESET 
button. Single sweep permits 
photographing nonrepetitive 
waveforms, which otherwise 
would not be photographed 
clearly. 

EXT Xl and X10: Permit an 
external signal to be applied 
to the horizontal deflection 
circuit. Sensitivity is con¬ 
tinuously variable (with the 
VARIABLE 10-1 control). 

5X MAGNIFIER Expands the sweep from the 
center of the graticule at any 
setting of the TIME/CM switch 
by 5 times. 

DELAY-TIME Works in conjunction with the 

MULTIPLIER Time Base B TIME/CM OR 

1-10 DELAY TIME switch. 

Varies sweep delay from 0 to 
10 times the rate indicated by 
the Time Base B TIME/CM 
OR DELAY TIME switch. 

AMPLITUDE Determines the peak-to-peak 

CALIBRATOR voltage available at the CAL 

OUT connector. 

Beam Position Four neon lamps (above the 

CRT) with accompanying ar¬ 
rows indicate the direct^ 
when the display is deflect® 
out of the viewing area. 

TRIGGER Connector for applying an ex- 

INPUT ternal trigger signal to thi 

(Time Base time base when its TRIGGEI 

A and B) SLOPE switch is set to th 

EXT position. 
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Figure 12-31.— Simplified schematic of AN/USM-206. 
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figure 12-32. —The Tektronix type 545B Oscilloscope. 


1.86.4 


HORIZ INPUT Jack for applying external 
horizontal signal when the 
HORIZONTAL DISPLAY 

switch is set to either Xl or 
XlO EXT. 


Time Base B is operating. 
Pulse duration is approxi¬ 
mately 10.5 X the setting of 
the TIME/CM OR DELAY 
TIME switch. 


+GATE B 


Supplies approximately a 20- DLY’D TRIG Supplies a sharp positive- 

volt squarewave pulse when going trigger spike of about 
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5 volts at the end of the delay 
period as set by the TIME? 
CM OR DELAY TIME switch 
and the DELAY-TIME MUL¬ 
TIPLIER dial. 

TOOTH A Supplies the sawtooth voltage 
of Time Base A. Peak ampli¬ 
tude is about +130 volts. 

TE A Same as +GATE B except 

applies to TIME BASE A. 

T SIG Vertical signal output con- 

)UT nector. Output amplitude is 

approximately 1.2 volts/cm of 
deflection. 

' CATHODE Provides blanking of between- 

iELECTOR channel switching transients 

rear panel) (in the CHOPPED BLANKING 

positions) when using multi¬ 
channel plug-in units in the 
chopped mode. The CRT 
CATHODE SELECTOR switch 
should always be in the EX¬ 
TERNAL CRT CATHODE po¬ 
sition except when using the 
chopped mode. 

ERNAL With the ground strap dis- 

1RT connected, this connector ap- 

1ATHODE plies Z-axis modulation sig¬ 

nals to the CRT cathode. 

The Z-axis signals should be 
at least 20 volts in amplitude 
to cause intensity modulation. 

Always have the ground strap 
connected except when apply¬ 
ing Z-axis modulation signals. 

nal (Nondelayed) Sweep 

’he Type 545B Oscilloscope features two 
pendent time-base circuits: Time Base A 
Time Base B. 

WEEP TRIGGERING. — Proper sweep trig- 
ng is essential for a stable presentation of 
nput signal. For a stable display, the sweep 
t be triggered at the same time relative 
he displayed signal. Thus, the sweep must 
riggered by the input signal or by some 
rnal signal that has a fixed time relationship 
the displayed signal. The external trigger 


signal must be the same frequency or a sub¬ 
multiple of the input signal. 

SELECTING THE TRIGGER SOURCE. —The 
TRIGGER SLOPE switch selects one of a variety 
of possible triggering signals. For most appli¬ 
cations, the sweep can be triggered internally 
from the displayed signal. This occurs with 
the TRIGGER SLOPE switch set at either + or - 
INT. 

The LINE positions of the TRIGGER SLOPE 
switch connect a line-frequency signal to the 
triggering input. Line triggering is useful when¬ 
ever the input signal is frequency-related to 
the line signal. 

To trigger the time base from an external 
signal, set the TRIGGER SLOPE switch to an 
EXT position and connect the trigger signal 
to the TRIGGER INPUT connector. External 
triggering is often used when signal tracing 
in amplifiers, phase-shift networks, and wave¬ 
shaping circuits. The signal from a single point 
in the circuit can be used as an external trigger 
signal. With this arrangement, it is possible 
to observe the polarity, shaping and/or amplifi¬ 
cation of a signal at various points in the 
circuit without resetting the triggering controls 
for each new display. 

SELECTING TRIGGERING MODE. —Four 
means of trigger coupling are available with the 
TRIGGERING MODE switch. The different coupl¬ 
ing positions permit you to accept or reject 
certain frequency components of the triggering 
signal. 

With the switch set at DC, the time base can 
be triggered with all frequency components of 
the triggering signal within the trigger amplifier 
bandpass, including d-c levels. 

With the switch set at AC LF REJ, d-c and 
low-frequency signals (below about 17 kHz) are 
rejected or attenuated. Thus, the trigger circuit 
will respond best to the higher-frequency com¬ 
ponents of the triggering signal. 

With the switch set to AUTO, proper trig¬ 
gering automatically takes place. When the trig¬ 
gering signal is removed, the time-base circuit 
free runs and presents a reference display. 

In general, use AC coupling. However, it will 
be necessary to use DC coupling for very low- 
frequency signals. When line-frequency hum is 
mixed with the triggering signal, it is best 
to use AC LF REJ coupling so that triggering 
takes place only on the signal of interest (if 
the signal of interest contains frequency com¬ 
ponents above about 17 kHz). 
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The AC LF REJ position is also useful when 
triggering internally from multichannel plug-in 
units operated in the alternate dual-trace mode. 
AC LF REJ coupling has a faster recovery time 
when subjected to the alternate d-c levels from 
the multichannel plug-in unit. 

SELECTING TRIGGER SLOPE. —The TRIG¬ 
GER SLOPE switch determines whether the 
triggering circuit responds on the rising (+ setting) 
or the falling (- setting) portion of the triggering 
signal. When several cycles of a signal appear in 
the display, the setting of the TRIGGER SLOPE 
switch will probably be unimportant. However, 
if you wish to look at only a certain portion 
of a cycle, the TRIGGER SLOPE switch will 
help start the display on the desired slope of 
the input signal. Figure 12-33 illustrates the 
effect of both the TRIGGER SLOPE and TRIG¬ 
GERING LEVEL controls. 

SETTING STABILITY CONTROL.—In nearly 
all triggering applications, satisfactory operation 
can be obtained with the STABILITY control in 
the PRESET (fully counterclockwise) position. 
The PRESET position has the advantage of 
requiring no further adjustment of the STABIL¬ 
ITY control when switching from one triggering 
signal to another. However, if stable triggering 
becomes difficult with the STABILITY control 
at PRESET, it will be necessary to adjust the 
control for proper triggering. To adjust the 
STABILITY control, place the TRIGGERING 
LEVEL control in the fully counterclockwise 
position, then turn the STABILITY control slowly 
clockwise until a trace appears on the CRT. The 
correct setting is obtained by turning the control 
counterclockwise three to five degrees from the 
point where the trace appears. 

SETTING TRIGGERING LEVEL. —The TRIG¬ 
GERING LEVEL control determines the amplitude 
point on the signal where triggering occurs. 

The trigger circuit is most sensitive to a-c 
triggering signals with the TRIGGERING LEVEL 
control set near zero. Moving the TRIGGERING 
LEVEL control in the + direction causes the 
trigger circuit to respond at some higher positive 
amplitude on the triggering signal. Moving the 
TRIGGERING LEVEL control in the — direction 
causes the trigger circuit to respond at some 
higher negative amplitude on the triggering signal. 

SELECTING TIME/CM (SWEEP RATE). — The 
TIME/CM and 5X MAGNIFIER switches control 
sweep rate. The 5X MAGNIFIER switch expands 
both time bases. 


The TIME/CM and 5X MAGNIFIER switches 
allow you to view an applied signal at a wide 
variety of calibrated sweep rates. When making 
time measurements from the CRT, be sure the 
VARIABLE control is set to CALIBRATED (time 
base A). 

When the 5X MAGNIFIER switch is set to 
OFF, the TIME/CM switch indicates the true 
sweep rate. However, with the 5X MAGNIFIER 
switch set to ON, the setting of the TIME/CM 
switch must be divided by 5 to determine the 
true sweep rate. For example, assume that the 
TIME/CM switch is set at 1 msec and the 5X 
MAGNIFIER is set to ON. In this case, the true 
sweep rate would be 1 msec divided by 5 (5X 
MAGNIFIER setting); resulting in a displayed 
sweep rate of 0.2 msec/div. Figure 12-34 illus¬ 
trates how to make time measurements from 
the graticule. 

SINGLE-SWEEP OPERATION. - In applica¬ 
tions where the displayed signal is not repetitive 
or varies in amplitude, shape, or time, a photo¬ 
graph of a conventional repetitive display may 
produce a jumbled presentation. To avoid this, 
use the single-sweep feature of the Type 545B to 
photograph this type of display. To use single 
sweep, first make sure the trigger circuit will 
trigger on the event you wish to display. Do this 
in the conventional manner with the HORIZONTAL 
DISPLAY switch set to either time base. Then, 
after setting the HORIZONTAL DISPLAY switch 
to “A” SINGLE SWEEP, press the RESET 
switch and release. When this is completed, 
the next trigger pulse will actuate the sweep 
and the Type 545B will display the event on 
a single trace. The READY lamp, near the 
HORIZONTAL DISPLAY switch, first lights when 
the sweep is ready to accept a trigger and then 
goes out after triggering has taken place. To 
ready the circuit for another single display, 
press the RESET switch and release. In single¬ 
sweep operation, make sure the TRIGGER MODE 
switch is not set to AUTO. 

Nontriggered Delayed Sweep 

The following procedures describe various 
measurements, the accuracy of those measure¬ 
ments, and other operations that can lie performed 
using delayed sweep. 

Insert a vertical piug-in unit and set the 
controls and switches on the instruments as 
listed in Table 12-1. 

Set the HORIZONTAL POSITION control so 
the trace begins precisely at the left-hand edge 
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TRIGGER SLOPE 






152.267 

Figure 12-33. — Effects on oscilloscope display produced by + and - set¬ 
tings of the TRIGGERING LEVEL control. 
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SWEEP MAGNIFIER Setting 


151.268 

Figure 12-34. —Time measurement from the 
graticule. 


of the graticule. Notice the position of the 
intensified segment in the trace. 

Now set the TIME/CM or DELAY TIME 
switch to 0.2 sec and A TIME/CM switch to 
20 psec. The intensified segment should be at 
the same position as with the previous sweep 
rates. 

Connect the SAWTOOTH A output to the 
vertical plug-in unit input. Notice that the A 
sweep sawtooth and the intensified segment in 
the trace start and end at the same time. This 
display shows that time base A produces one 
sweep during the intensified segment of each B 
sweep. The A TRIGGERING LEVEL control has 
no effect. 

The B sweep rate is 0.2 sec/cm. The intensi¬ 
fied segment begins 5 cm after the beginning 
Df the trace. Hence, the A sweep starts 1 sec 
after the B sweep (0.2 sec/cm X 5 cm). 

The number of centimeters between the be¬ 
ginning of the trace and the beginning of the 
intensified segment is established by the setting 
of the DELAY-TIME MULTIPLIER dial. There¬ 
fore, with any dial setting, the time difference 
between the beginning of the A and B sweeps 
is the product of the TIME/CM OR DELAY 
TIME switch and the DELAY-TIME MULTIPLIER 
lial setting (fig. 12-35). 

Using nontriggered delayed sweep, the follow¬ 
ing measurements may be made. 


1. Pulse duration with an accuracy to within 
1% (±2 minor divisions) of the reading on the 
Delay-Time Multiplier Dial. 

2. Time between pulses. The basic accuracy 
for this measurement is the same as for pulse 
duration. However, an error is introduced by the 
sweep-delay system linearity. This error is on 
the order of ±2 minor dial divisions; thus, the 
percentage of error decreases as the separation 


Table 12-1. —Control settings when using de¬ 
layed sweep 


B TRIGGERING MODE 

AC 

B TRIGGER SLOPE 

+ INT 

B TRIGGERING LEVEL 

0 

B STABILITY 

B TIME/CM OR DELAY 

Fully clockwise 

TIME 

lmSEC 

B LENGTH 

Fully clockwise 

A TRIGGERING MODE 

AC 

A TRIGGER SLOPE 

+ EXT 

A TRIGGERING LEVEL 

0 

A STABILITY 

Fully clockwise 

A TIME/CM 

lmSEC 

VARIABLE 

CALIBRATED 

HORIZONTAL DISPLAY 

'B' INTENSIFIED 
BY 'A* 

SWEEP MAGNIFIER 

OFF 

DELAY-TIME MULTIPLIER 

5.00 

AMPLITUDE CALIBRATOR 

10 Volts 

HORIZONTAL PC6ITION 

Centered 

INTENSITY 

So both intensity 
levels in the trace 
are easily seen 

Set the applicable controls and switches of the 
vertical plug-in unit as follows: 

Volts/Di v 

5 

Variable 

Calibrated 

AC-DC-Grnd 

DC 

Position 

Trace centered 


167.794 
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IME/CM or DELAY TIME Switch Sotting X DELAY-TIME 


ILTIPLIER Dial Sotting — Amount of delay between 

tho start of tho B I delaying) 
and tho start of tho A 
(delayed) swoop. 

151.269 

Figure 12-35. — Determining delay time. 


sen the initial and final dial settings in- 
ses. 

or detailed procedures for making these 
>ther measurements refer to the instructions 
lal for this oscilloscope. 

gered Delayed Sweep 

omplex signals contain a number of individual 
ts at different amplitudes. Since the trigger 
lits in the Type 545B respond to signal 
itude, a stable display will normally be 
ned only when the sweep is triggered by 
vent having the greatest amplitude. 

he following instructions demonstrate that 
3 Base A can be triggered by any event 
n a series of events, regardless of relative 
itude. 

et the controls and switches on the instrument 
sted in Table 12-1. 

onnect the AMPLITUDE CALIBRATOR signal 
he vertical input. Using the B triggering 
"ols, obtain a stable display, 
urn the DELAY-TIME MULTIPLIER dial 
t two turns in either direction. Notice that 
brightened segment in the display moves 
>thly across the CRT. 

et the DELAY-TIME MULTIPLIER dial so 
brightened segment begins about in the 


middle of a pulse top. Now turn the HORIZONTAL 
DISPLAY switch to A and the TRIGGER SLOPE 
switch to +INT. Using the A triggering controls, 
obtain a stable display. Return the HORIZONTAL 
DISPLAY switch to ‘B’ INTENSIFIED BY ‘A*. 
Notice that the brightened segment in the display 
has shifted to the next pulse on the right. (If 
the brightened segment is not present, or is 
unstable, readjust the A triggering controls) 
Turn the DELAY-TIME MULTIPLIER dial 
several full turns. The brightened segment in 
the display should jump from one pulse to the 
next. Set the HORIZONTAL DISPLAY switch 
to ‘A’ DLY’D BY ‘B’ and note that the display 
now begins on the rising portion of the pulse. 
With the present display, turning the DELAY¬ 
TIME MULTIPLIER dial should not change the 
display since all of the AMPLITUDE CALIBRA¬ 
TOR pulses are the same shape. However, if the 
input signal consists of a repeating series of 
several dissimilar pulses, turning the dial would 
provide a triggered display of each pulse in the 
series provided the A triggering controls are 
set for triggering on the smallest pulse. 

The display is produced in the following 
manner: 

Time Base A produces one sweep during 
each B sweep. The Time Base A sweep will 
begin some time after the start of B sweep. 
This time is the total of the TIME/CM OR 
DELAY TIME switch setting multiplied by the 
DELAY-TIME MULTIPLIER dial setting, plus 
the time between the end of this delay interval 
and the next event in the signal which can 
trigger Time Base B. 

With the A triggering control set for triggered 
operation, the Time Base A sweep will occur only 
if A is armed and triggered before the B sweep 
ends. If Time Base A is not triggered, the 

scope waits. 

External Horizontal Deflection 

For special applications, horizontal deflection 
can be produced with an externally derived 
signal. Thus, the oscilloscope system can be 
used to plot one function against another (e.g., 
Lissajous figures). However, the system is not 
intended for precise phase-angle measurements. 

To use an external signal for horizontal de¬ 
flection, connect the signal to the HORIZ INPUT 
connector. Set the HORIZONTAL DISPLAY switch 
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to EXT XlO or Xl. The signal is d.c. coupled to 
the deflection amplifier. The MAG switch is 
inoperative when the HORIZONTAL DISPLAY 
switch is set to either external horizontal po¬ 
sition. 


Dual-Trace Chopped Blanking 

A multichannel plug-in unit provides two 
separate traces on the CRT and thus permits 
two functions to be displayed simultaneously. 
Detailed instructions for operating the multi¬ 
channel plug-in unit in conjunction with the 
Type 545B Oscilloscope are contained in the plug¬ 
in unit instruction manual. 

When the multichannel plug-in unit is operated 
in the chopped mode to obtain a dual-trace 
presentation, switching transients will be dis¬ 
played on the CRT. These switching transients 
can be reduced by placing the CRT CATHODE 
SELECTOR switch at the rear of the instrument 
in the CHOPPED BLANKING position. 


Intensity Modulation 

The Type 545B CRT display can be intensity 
modulated by an external signal to display ad¬ 
ditional information. This is done by disconnect¬ 
ing the grounding bar from the EXTERNAL CRT 
CATHODE connector at the rear of the instru¬ 
ment and connecting the external signal to this 
terminal. The CRT CATHODE SELECTOR switch 
must be in the EXTERNAL CRT CATHODE 
position. 

Very accurate time measurements can be 
made by intensity modulating the beam with 
time markers and measuring directly from the 
time markers on the CRT. A positive signal 
of approximately 20 volts is required to cut 
off the beam from normal intensity. The low- 
frequency cutoff point for Z-axis modulation is 
600 Hz. 

Functional Description 

Using the block diagram (fig. 12-36), the 
following is a brief description of the functions 
of the various circuits comprising the Type 545B 
Oscilloscope. 

LOW-VOLT AGE POWER SUPPLY. — The low- 
voltage power supply produces all operating 


voltages for the oscilloscope with the exception 
of parts of the CRT circuit. The low-voltage 
supply provides regulated -150, +100, +225,+350, 
and +500 volts. It also provides heater voltages 
and an unregulated +325-volt output. 

VERTICAL PLUG-IN PREAMPLIFIER. — Any 
Tektronix letter- or l-series vertical plug-in 
preamplifier can be used with the Type 545B. 
For a circuit description of the plug-in unit, 
refer to the plug-in unit instruction manual. 


VERTICAL INPUT AMPLIFIER. — The ver¬ 
tical input amplifier is a balanced hybrid amplifier 
that amplifies the output of the vertical plug-in 
preamplifier and applies the amplified vertical 
signal to the trigger-pickoff circuit and the 
vertical output amplifier. 

DELAY LINE. —The push-pull output of the 
vertical input amplifier is applied through the 
balanced delay line to the vertical output ampli¬ 
fier. The delay line is a specially braided 
I86f> line which delays the application of the 
vertical signal to the vertical output amplifier 
for 200 nsec. This provides time for unblanking 
the CRT and starting the horizontal sweep before 
the vertical signal reaches the deflection plates. 
The delay allows the leading edge of a single 
fast rising pulse to be displayed. The delay 
line requires no adjustment because of the 
precision construction. 

VERTICAL OUTPUT AMPLIFIER. — The ver¬ 
tical output amplifier is a push-pull cascode 
amplifier that takes the output of the delay line 
and amplifies it to a level sufficient to drive 
the vertical deflection plates of the CRT. 


TRIGGER PICK-OFF CIRCUIT. —The trigger 
pickoff circuit applies a sample of the input 
waveform to the trigger circuits of both time 
bases. The trigger is picked off at the output 
of the vertical input amplifier. 

TIME BASE A GENERATOR. — The Time Base 
A generator provides accurate ramp voltages 
for the horizontal deflection system, unblanking 
for the CRT, and a + gate to a front panel 
connector. The Time Base A generator may 
be triggered by signals from either internal or 
external sources. 
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Figure 12—36. — Block diagram of the 546B Oscilloscope 
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TIME BASE B GENERATOR. — The Time Base 
B generator closely resembles the Time Base A 
generator. Thus, the functions and the circuit 
description given for the Time Base A generator, 
in most instances, apply also to the Time Base 
B generator. 

DELAY-PICKOFF CIRCUIT. —The delay- 
pickoff circuit compares the ramp-voltage output 
of the Time Base B generator with a variable 
reference voltage, and assuming identical charac¬ 
teristics in the two halves of the comparator, 
generates a trigger pulse when the two voltages 
are equal. The trigger output of the delay- 
pickoff circuit may be used to arm or trigger 
Time Base A, and is also available at a front- 
panel connector. 


Calibration 

The Type 545B Oscilloscope is a stable 
instrument which will provide many hours of 
trouble-free operation. However, to insure mea¬ 
surement accuracy, it is suggested that you 
recalibrate the instrument after each 500 hours 
of operation or every six months if used inter¬ 
mittently. It will also be necessary to recalibrate 
certain sections of the instrument when tubes, 
transistors, or other components are replaced. 
If any adjustments are made on the power 
supplies, calibration of the entire instrument 
should be checked particularly sweep rates and 
deflection factors. 

Complete calibration procedures for this in¬ 
strument are listed in appropriate sections of the 
technical manual. 


HORIZONTAL AMPLIFIER, —The input to the 
horizontal amplifier is selected from the outputs 
of the Time Base B generator, Time Base A 
generator, or the external horizontal input ampli¬ 
fier. The selected input is split in phase and 
amplified to provide push-pull drive to the 
CRT horizontal deflection plates. 

EXTERNAL HORIZONTAL AMPLIFIER.— 
The external horizontal amplifier provides the 
necessary gain to drive the horizontal amplifier 
from external signals. An input attenuator and a 
gain control provide horizontal deflection factors 
from about 0.2 to 15 volts/cm. 

CRT POWER SUPPLY. —The CRT power sup¬ 
ply provides the high voltages for operating the 
CRT. The power supply is of the RF type, using 
a 50 kHz Harley oscillator. Secondary windings 
on the oscillator transformer supply voltages 
to the high-voltage rectifiers. 

CATHODE-RAY TUBE (CRT). —The cathode- 
ray tube used in the Type 545B is a flat-faced, 
internal graticule, 5-inch tube with 6 cm of usable 
vertical scan area. The tube is designed for 
low-input capacitance to the vertical deflection 
plates and minimum X-axis center-to-edge de- 
focusing. 

CALIBRATOR. — The calibrator in the Type 
545B is a multivibrator and cathode follower 
that provides a square-wave output with a maxi¬ 
mum amplitude of 100 volts at a nominal 1 kHz. 
A step attenuator permits switching the output 
amplitude from the front panel. 
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ELECTRONIC COUNTER 


The AN/USM-207 is a portable, solid-state 
electronic counter for precisely measuring and 
displaying on a 9-digit numerical readout the 
frequency and period of a cyclic electrical 
signal, the frequency ratio of two signals, the 
time interval between two points on the same or 
different signals, and the total number of elec¬ 
trical impulses (totalizing). The counter also 
provides the following types of output signals: 

1. Standard signals from 0.1 Hz to 10 MHz 
decade steps derived from a l-MHz frequency 
standard, frequency dividers, and a frequency 
multiplier; 

2. Input signals divided in frequency by 
factors from 10 to 10 ^ by a frequency divider; 

3. Digital data of the measurement in four- 
line binary-coded-decimal form with decimal 
point and control signals for operation of print¬ 
ers, data recorders, or control devices; and 

4. A l-MHz output from a frequency standard. 

The AN/USM-207 (figure 12-37) consists of 
a major counter assembly, two plug-in assem¬ 
blies which install in recesses on the front and 
rear panel, and a group of accessory cables and 
connectors stored in the detachable front cover. 

The major assembly Digital Readout Elec¬ 
tronic Counter CP-814/USM-207 contains the 
input amplifiers; gate control; display; reset 
and transfer control; frequency multipliers; time 
base dividers; decade and readout boards; numeri¬ 
cal display tubes; decimal point and units indi¬ 
cators; power supply and regulator; and controls 
associated with these circuits. 
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RADIO FREQUENCY 
OSCILLATOR 
0-I267/USM-207 
(HIDDEN) 


ELECTRONIC 

FREQUENCY 

CONVERTER 

CV-I92I/USM-207 


PANEL PROTECTOR 


DIGITAL READOUT 
ELECTRONIC COUNTER 
CP-8I4/USM-207 





M) 


POWER LIGHT CONNECTOR 

pc pADi c ADAPTER 
RF CABLE UG _ 2740/U 


DIGITAL READOUT 
ELECTRONIC COUNTER 
AN/USM-207 


CONNECTOR 

ADAPTER 

UG-255/U 


PRINTED CIRCUIT 
BOARD EXTRACTOR 


PRINTED CIRCUIT 
BOARD EXTENDER 


-PANEL PROTECTOR 



CONNECTOR 

ADAPTER 

UG-I035/U 


Figure 12-37. — Digital Readout Electronic Counter AN/USM-207. 
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The Radiofrequency Oscillator 0-1267/USM- 
207 plug-in assembly develops a 1-MHz signal 
and includes its own power supply. The oscil¬ 
lator includes the 1-MHz output receptacle which 
may be used as a source of that frequency when 
the oscillator is connected to a-c power through 
the basic counter or when connected to the power 
line independently of the counter. The counter 
may be operated without the oscillator in total¬ 
izing, scaling the input signal, time interval 
with external clock, and frequency ratio mea¬ 
surements. For other measurements the counter 
does not require the oscillator when a separate 
external 100 kHz or 1 MHz signal is connected. 
In either of these two situations the oscillator 
may be left in the counter or removed. The 
oscillator plugs into the right rear of the counter. 

The Electronic Frequency Converter CV- 
1921/USM-207 plug-in assembly permits meas¬ 
urement of frequencies up to 500 MHz using the 
heterodyne principle. The unit consists of the 
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broadband amplifier, mixer, multiplier, and 
controls and indicators associated with these 
circuits. When measurements other than het¬ 
erodyne frequency measurements are made, the 
converter is not required, but need not be re¬ 
moved. The converter also permits the meas¬ 
urement of signals from 35 MHz to 100 MHz 
with a greater sensitivity than available with 
the basic counter. The converter plugs into the 
right front of the counter. 


Figure 12-38 is the overall functional block 
diagram of the counter. To make a measure¬ 
ment, requires two types of information; a 
count signal, and a gate control signal. These 
two signals may be generated within the instru¬ 
ment or they may be supplied from outside 
sources. The type of measurement the counter 
will make depends upon the relationship of these 
two signals. In any function the instrument 
counts the count signal for a period of time 
determined by the gate control signal. Routing 
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)f these signals within the instrument is ac¬ 
complished by logic circuits. These logic cir¬ 
cuits are controlled by means of the front panel 
controls. 

The radiofrequency oscillator (0-1267-USM- 
207) generates a signal of precise frequency 
for use throughout the counter or to provide 
a precise 1 MHz signal for use outside the 
equipment. 

The electronic frequency converter accepts 
radiofrequencies between 100 MHz and 500 MHz 
and converts them to radiofrequencies between 
5 MHz and 100 MHz for measurement by the 
basic counter. 

The “A” amplifier amplifies the A input signal 
or the output of the converter for use throughout 
the counter. 

The “B” amplifier amplifies and shapes the B 
input signal for use throughout the counter. 


The “C” amplifier amplifies and shapes the C 
input signal for use throughout the counter. 

The 10 MHz and 1 MHz multiplier multiplies 
the frequency and shapes the signal generated 
by the radiofrequency oscillator. It also pro¬ 
vides precise timing signals to the various 
functional sections of the basic counter and to 
the frequency converter. 

The scaler consists of a series of decade 
dividers and gating systems which provide 
divided standard frequencies and control sig¬ 
nals depending on the type of measurement the 
instrument is making. 

The gate control generates the gate control 
signal. This signal determines the length of 
time that the count decades will count the count 
signal. 

The count control provides the proper count 
signal to the count decades, as selected by the 
setting of the front-panel switches. 



CONVERTER INPUT 


Figure 12-38. — Digital Readout Electronic Counter AN/USM-207 
overall functional block diagram. 
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The cycle control produces all signals nec¬ 
essary to display the measurement results on 
the readout and to recycle the counter. 

The count decades count the count signal 
when permitted to do so by the gate control. 
The result of their counting becomes the final 
reading displayed by the readout at the end of 
each measurement. 

The readout receives binary-coded-decimal 
(BCD) data from the count decades, decodes 
this data into decimal form and drives the 
readout indicator tubes. The readout also con¬ 
tains memory circuits which function when the 
counter is operated in the “Store” mode. 

The power supply supplies all d-c power 
required by the basic instrument and the con¬ 
verters and consists of seven d-c supplies. 
Five of these supplies (+18 volt, +12 volt, +6 
volt, and -12 volt) are regulated and two (+180 
volt and +45 volt) are unregulated. 


SIGNAL GENERATOR 


AN/USM-44 

The AN/USM-44 Signal Generator is a general 
purpose test instrument capable of furnishing 
accurately adjustable radiofrequency signals from 
0.1 microvolt to 0.5 volt in amplitude over a 
frequency range from 10 to 420 MHz. The instru¬ 
ment may be amplitude modulated by internally 
generated sine waves or by externally applied sine 
waves or pulses. The AN/USM-44 includes a built- 
in crystal-controlled heterodyne calibrator which 
permits the operator to adjust the output fre¬ 
quency to a high degree of accuracy. This parti¬ 
cular circuit includes a front panel switch for 
selecting either of two beat frequencies, 1 or 
5 MHz, which will appear throughout the range 
of the signal generator. The output signal level 
is adjusted by an attenuator, calibrated in both 
volts and decibels below 1 milliwatt (dbm), and 
can be read directly to an accuracy of ±2 db 
over the full frequency range without the use of 
external pads, monitoring devices, or charts. 
The instrument features straightforward opera¬ 
tion through the use of reliable, direct-reading 
controls and meters throughout. With its high 
quality output signal, the AN/USM-44 is especially 
suitable for applications requiring a minimum of 
incidental amplitude or frequency modulation. 

Electrical Characteristics 

Signal Generator AN/USM-44 is capable of 
generating a continuously adjustable RF output 


signal throughout a frequency range of 10 to 
420 MHz, as indicated on a direct-reading dial. 
The frequency dial calibration is accurate to better 
than 0.5%. Calibration accuracy may be improved 
by employing the crystal-controlled heterodyne 
calibrator, which provides checkpoints at evexy 
multiple of 5 MHz over the entire frequency 
range of the equipment. The frequency dial index 
is adjustable by a small knurled knob on the 
front panel so that the dial calibration can be 
set exactly on frequency at any calibrator check¬ 
point. The checkpoint signals are obtained by 
connecting a headset (not part of the equipment) 
to the XTAL CAL. OUTPUT jack. The calibrator 
is accurate to + 0.01% of 5 MHz, provides better 
than 0.1 milliwatt of power to a 600-ohm headset, 
and is adjustable in output by the XTAL CAL, 
GAIN control. In addition to the above. Signal 
Generator AN/USM-44 provides checkpoints of 1 
MHz over the entire frequency range of the 
equipment. 

An output attenuator, calibrated to be read 
directly in both volts and decibels, provides con¬ 
tinuous adjustment of the output signal from +4 
to -127 dbm (350 millivolts to 0.1 microvolt) 
and may be read to an accuracy of ±2 db or 
better over the entire frequency and attenuation 
range when the instrument is connected to an 
external 50-ohm resistive load. The internal 
impedance of the generator, as seen at the output 
jack, is 50 ohms over the full frequency range; 
when connected to a 50-ohm resistive load, 
the VSWR due to mismatch will not be greater 
than 1.2 (SWR of 1.6 db). 


The RF output signal may be amplitude modu¬ 
lated by internally generated 400- and 1000 Hz 
sine waves or by externally applied sine waves 
above 4 volts rms over a frequency range from 
20 Hz to 100 kHz or by externally applied 
pulses above approximately 10 volts. When pulse 
modulated, the instrument is capable of generating 
pulses of radiofrequency energy as short as 4 
microseconds at RF signal frequencies above 
40 MHz and as short as 1 microsecond above 
220 MHz. The degree of sine wave modulation 
is continuously variable from 0 to 95% by a 
front panel control. Modulation of the RF signal 
is continuously displayed on a direct reading 
percent modulation meter having an accuracy of 
±10% or better. 

The AN/USM-44 is especially suitable for 
aligning narrow-band AM receivers. In such appli¬ 
cations, during actual receiver alignment, a 
significant amount of spurious FM in the generator 
may result in mistuning of the receiver due to 
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inwanted detection by the selectivity character- 
stic of the IF amplifier in the receiver. To 
:eep spurious FM to a negligible value, the 
nstrument employs a master oscillator-power 
implifier (MOPA) type of RF generator circuit. 
Modulation is introduced at the power amplifier 
itage and has little or no effect on the frequency 
rf the oscillator. A buffer stage between the 
iscillator and amplifier further isolates the 
>scillator. The effectiveness of these measures is 
mch that spurious FM is less than 0.001% at 
10% modulation for frequencies below 100 MHz 
ind less than 1000 Hz above 100 MHz. 


control at RF power levels of 0 dbm or less. 
Incidental frequency modulation resulting from 
amplitude modulation of the output signal is 
extremely low, being only a few hundred Hz 
for reasonable modulation percentages. For 
modulation percentages below 50%, the frequency 
modulation index will not exceed 1.0. Output 
frequency and power levels are set in the same 
manner as for CW operation. 

External Sine 
Wave Modulation 


>perating Controls 

The front panel operating controls, dials 
ind terminals for the AN/USM-44, are listed 
ilong with their functions in table 12-2 and are 
shown in figure 12-39. A simple block diagram 
showing which circuits in the signal generator 
ire affected by the various front panel controls 
is shown in figure 12-40. 

Continuous Wave Operation 


For CW operation the AN/USM-44 supplies a 
continuous wave output signal of up to 5 milli¬ 
watts in power across an external 50-ohm load 
(0.5 volt) with the output level directly indicated 
to an accuracy of better than ±2 db for all 
conditions of operation. The AN/USM-44 has an 
output level calibration accuracy of ±1 db over 
the entire frequency and attenuation range. When 
set for CW operation, the MOD. LEVEL control 
Is inoperative and may be set to any position; 
however, the PERCENT MODULATION meter 
monitors the output signal during all types of 
operation and may display momentary fluctuations 
resulting from switching transients. 

Internal Sine Wave Modulation 

For internal sine modulation of the RF output 
signal, the signal generator supplies the same 
quality RF signal as for CW operation modulated 
by either 400- or 1000 Hz internally generated 
sine waves as selected by the MOD. SELECTOR 
switch. The modulating frequencies are accurate 
i° within ±5%, and the modulation envelope 
contains less than 5% distortion for modulation 
Percentages up to 30%, less than 10 % at 50% 
modulation. Percent modulation is continuously 
adjustable from 0 to 95%' by the MOD. LEVEL 


For external modulation, a signal source 
generating frequencies from 100 to above 20,000 
Hz with an amplitude of approximately 4 volts, 
must be connected through an appropriate cable 
to the EXT. MOD. jack on the signal generator. 
The modulation is of the same high quality as 
that obtained with internal modulation. The degree 
of modulation is also continuously adjustable by 
means of the MOD. LEVEL control and is indicated 
directly on the front panel PERCENT MODU¬ 
LATION indicator. Percent modulation is continu¬ 
ously adjustable from 1 to 95% by the MOD. 
LEVEL control with the attenuator set to 0 dbm 
or less. The input impedance at the EXT. MOD. 
jack is approximately 50,000 ohms. 

Pulse Modulation 


For pulse modulation, a pulser generating 
positive pulses from 10 to 50 volts in amplitude 
must be connected through an appropriate cable 
to the EXT. PULSE jack on the signal generator. 
For pul6e operation, the signal generator produces 
essentially no RF output signal until an external 
positive pulse is applied to the EXT. PULSE 
jack. The resultant RF output pulse from the 
signal generator is of good quality at RF fre¬ 
quencies above 100. The output pulse is free of 
transients and has low residual signal between 
pulses. Any input pulse above 10 volts will 
modulate the RF output signal 100%. The peak 
level of the RF output pulse will be within 1 db 
of the CW level established by the same settings 
of the OUTPUT LEVEL control and output atten¬ 
uator. The amplitude of the modulation pulse is 
not adjustable by the MOD. LEVEL control. 


Signal Generator 
Loading Considerations 


When using the AN/USM-44, the external load 
connected to the instrument should be 50 ohms 
resistive for best accuracy of indicated output 
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Table 12-2.—AN/USM-44 controls and terminals 


REF. 

NO. 

DESIGNATION 

FUNCTION 

1 

Power Receptacle 

Receives power from power cord supplied. 

2 

AC 3 AMP (fuse) 

Protects power source and instrument against short 
circuits. 

3 

SPARES (fuses) 

Replacement 3 amp fuses. 

4 

DC 0.25 AMP (fuse) 

Protects the internal power supply against short 
circuits. 

5 

SPARES (fuse) 

Replacement 0 25 amp fuse. 

6 

HEATER (pilot lamp) 

Pilot lamp indicates power is applied to generator and 
space heaters are in operation. 

7 

Power Switch 

In the ON position all circuits of the signal generator 
are energized. 

In the off position space heaters are energized. 

8 

POWER (pilot lamp) 

Pilot lamp indicates when main circuits are energized. 

9 

MOD. SELECTOR 

Adjusts signal generator circuits for desired type of 
operation. 

10 

FREQUENCY RANGE (selector) 

Selects frequency range and positions the range pointer 
on MEGACYCLES (MHz) dial. 

11 

FREQUENCY 

Controls the output frequency in combination with the 
FREQUENCY RANGE switch. 

12 

MEGACYCLES (indicator) 

Indicates frequency of the r-f output signal directly in 
megacycles (MHz). 

13 

AMP. TRIMMER (control) 

Tunes r-f power amplifier for maximum output. 

14 

OUTPUT LEVEL (control) 

Adjusts the r-f power level existing at input-to output 
attenuator. 

15 

OUTPUT VOLTS-DBM (indicator) 

Indicates r-f power level existing at input to output 
attenuator. 

16 

Output Attenuator (control) 

Selects and indicates the r-f output signal level in 
microvolts, millivolts, and decibels. 

17 

RF OUTPUT (jack) 

Output connector for r-f output signal (see CAUTION). 

18 

XTAL CAL. OUTPUT 
(connector) 

Connects headset to crystal calibrator. 

19 

XTAL CAL. GAIN (control) 

Adjusts loudness of beat frequency signal from 
frequency calibrator. 

20 

EXT. MOD. (jack) 

Receives sine wave from external source for modula¬ 
tion of r-f output signal. 

21 

MOD. LEVEL (control) 

Adjusts modulation percentage to desired value. 

22 

PERCENT MODULATION 

Indicates the percentage modulation of the r-f output 


(indicator) 

signal. 

23 

ZERO (screwdriver adjustment) 

Electrically sets the modulation meter to zero with 
instrument in operation with no modulation applied. 

24 

EXT. PULSE (jack) 

Receives pulses from external source for modulation 
of the r-f output signal. 

25 

Frequency dial index 
adj ustment 

Adjusts frequency dial index over short range. 

26 

Frequency dial lock 

Locks frequency dial. 

27 

Attenuator dial lock 

Locks attenuator dial. 

28 

FINE FREQ. ADJUST 

Adjusts RF OUTPUT frequency in very small increments 

29 

1 MC OFF 5 MC 

Selects 1 megahertz and 5 megahertz outputs or no output 
(OFF position). 

30 

Amp. trimmer lock 

Locks AMP. TRIMMER control. 
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xjwer. The output attenuator indicator has been significant. The reason for this is that any power 
jalibrated by using a “flat” load of 50 ohms. reflected from the receiver back toward the gen- 

In most cases, when making measurements on erator represents a deficiency in receiver design, 

receivers designed to work from a 50-ohm line and the amount of power lost in such cases is 

ind antenna the standing wave ratio in the line considered as a loss subtractive from the gain 

rom the signal generator to the receiver is not of the receiver. A sometimes overlooked factor 
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“USED ON TS-5IOA/U ONLY 


Figure 12-40. — Diagram of AN/USM-44 showing relationships of front 
panel controls to major circuits. 
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which contributes error in high-frequency meas¬ 
urements is the improper assembly of coaxial 
connectors. A standing wave ratio of several db 
with attendant error can often be attributed to 
this cause. 

FUNCTION GENERATOR 

The Hewlett-Packard Low Frequency Function 
Generator, fig. 12-41, is a source of test voltages 
between 0.008 and 1200 Hz. The unit can be used 
for any general purpose low frequency testing 
application. Three types of output waveforms are 
available: sine, square, and triangular. A sync 
output pulse is available for external use. 

The low frequency function generator utilizes 
a relaxation oscillator which is a constant ampli¬ 
tude device. The oscillator produces a square 


wave from which the triangular wave is derived. 
The sine-wave function is produced by synthesis 
from the triangular wave. Output amplitude and i 
distortion are virtually independent of the fre- i 
quency of operation. { 

The output of the generator consists of a | 
direct-coupled amplifier designed for either \ 
single-ended or balanced output. The unit is j 
rated to deliver at least 30 volts peak to peak ■ 
to a 4000-ohm load. A negative peak sync pulse 
of 10 volts is also provided. 

System Functioning . 

Functionally, the unit contains a bistable, 
circuit, linear integrator, sine synthesizer, func- \ 
tion selector switch, and output amplifier. The; 
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1 . RANGE SELECTOR SWITCH 

2. FREQUENCY DIAL AND CONTROL 

3. FUNCTION SELECTOR SWITCH 

4. OUTPUT TERMINALS 

5. AMPLITUDE CONTROL 


6. FINE FREQUENCE CONTROL 

7. POWER INDICATION LAMP 

8. POWER SWITCH 

9. FUSEHOLDER 

10. SYNC.OUJ TERMINALS 


Figure 12-41. — Hewlett-Packard Low Frequency Function Generator, 

Model 202A. 
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table circuit produces a square wave; the linear 
egrator derives a triangular wave from the 
lare wave; the sine synthesizer derives a 
£ wave from the triangular wave. The function 
ector switch determines the type of waveform 
lilable at the OUTPUT terminals, and the 
put amplifier amplifies the selected waveform. 
The block diagram of the low frequency 
iction generator is shown in figure 12-42. 
flip-flop arrangement in the bistable circuit 
educes a square wave at point A. The square 
ve is fed to the FUNCTION selector switch 
1 the linear integrator. The linear integrator 
educes a triangular wave at point B which is 
accurate integral of the applied square wave. 


The triangular wave is fed to the FUNCTION 
selector switch, the sine synthesizer, and bistable 
circuit. A two-way comparator arrangement in the 
sine synthesizer produces the appropriate trig¬ 
gers for the bistable circuit flip-flop whenever 
the triangular wave becomes equal to either the 
plus or minus switching reference (B+ or B-). 


The sine synthesizer converts the applied 
triangular wave into an approximate sine wave 
and feeds the sine wave (point C) to the FUNCTION 
selector switch. The FUNCTION selector switch 
applies either the square, triangular, or sine 
wave to the output amplifier. The output ampli¬ 
fier amplifies the selected waveform and feeds 
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the amplified waveform to the OUTPUT terminals 
of the low frequency function generator. 

Operating Controls 

RANGE selector switch (1, figure 12-41). 
Selects the desired frequency range to be covered 
by the frequency dial. 

FUNCTION selector switch (3). Selects any 
one of the three types of output waveforms. 

FREQUENCY dial and control (2). Dial (2) 
is calibrated directly in cycles per second for the 
Xl frequency range of the oscillator. The knob 
just below the dial is directly connected to 
the frequency-varying element. A fine FRE¬ 
QUENCY control (6) provides vernier control for 
fine frequency adjustment. 

AMPLITUDE control (5). Adjusts the amplitude 
of the oscillator voltage admitted to the ampli¬ 
fier and, therefore, the output of the instrument. 
This control is calibrated from 0 to 100 in 
arbitrary units. 

OUTPUT terminals (4). Consist of three 
terminals. The terminal marked G is connected 
directly to the instrument chassis. The other 
terminals, vertically aligned, are the OUTPUT 


terminals. With respect to the ground terminal 
each of these outputs has equal magnitude qf 
signal, but the two signals are 180° out of phase 
with each other. The internal impedance between 
the two OUTPUT terminals is approximately 
40 ohms. ;i 

SYNC. OUT terminals (10). Provide single- 
ended pulses for external use. 

The following step-by-step procedure should 
be used as a guide when operating this instru¬ 
ment. 

1. Turn the POWER switch, figure 12-4L 
to ON. The low frequency function generator wijjj 
operate nearly within specifications after afe$ 
minutes warmup. It will be within specification^ 
after 30 minutes. 

2. Set the RANGE and FREQUENCY controls 
for the desired frequency. The frequency dial 
scale must be multiplied by the multiplying factor 
indicated by the RANGE selector switch setting 
to obtain the oscillator frequency. Example: 4 (op 
dial scale) X 0.1 (multiplying factor indicat^ 
by RANGE selector switch setting) = 0.4 H^, 

3. Set the FUNCTION selector switch for tee 
desired output waveform. 

4. Connect the equipment under test to tee 
OUTPUT terminals. 



B- FUNCTION 


Figure 12-42. — Low frequency function generator, block diagram. 
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5. Adjust the AMPLITUDE control for the 
esired output voltage. Because the frequency 
esponse is rated ±0.2 db, the output amplitude 
lay be measured at any convenient frequency, 
nd the output level will be correct (within these 
mits) for any other frequency. 

ingle-Ended Output 

The terminal marked G is isolated from the 
ctual OUTPUT terminals. For single-ended 

r (ration terminal G must be connected to one 
the OUTPUT terminals, and the straped pair 
*ill then be the ground side of the output, 
gure 12-43 A. 

ialanced Output 

Connect the two OUTPUT terminals, figure 
2-41, to the equipment being supplied and 
Jrminal G to the chassis of the equipment 
Bing driven. Under these conditions, the internal 
npedance from either OUTPUT terminal to 
round is 7900 ohms in series with 1/if capa- 
[tor, C29. A maximum d-c voltage of 400 volts 
lay be applied between OUTPUT terminal and the 
terminal without damaging the 1/if capacitor, 
29. The 40 ohms internal impedance (resistive) 
ill shunt the impedance existing between the two 
ignal inputs of the system being driven, figure 
2-43B. 

ync Output Pulse 

The SYNC. OUT, figure 12-41, provides a 
Bgative pulse of less than 5 microseconds 
aration and at least 10 volts peak amplitude. 

occurs on one of the sine and triangular 
rests and at the rise or fall of the square 
ave. It occurs at the positive crests with 


respect to one of the OUTPUT terminals and at 
the negative crest of the other. Therefore, it can 
be changed by 180° with respect to the output 
by reversing the connections to the two OUTPUT 
terminals which are otherwise completely inter¬ 
changeable. The SYNC. OUT terminal marked G 
is directly connected to the chassis. 


RADAR TEST CONSIDERATIONS 

A missile fire control radar must transmit 
RF energy in a form that will enable the radar 
to meet required minimum performance specifi¬ 
cations. Testing a radar for the correct trans¬ 
mission characteristics is normally accomplished 
by the use of multipurpose test equipment re¬ 
ferred to as radar test sets. A typical radar 
test set will provide the means for checking 
a radar’s transmitted frequency, power, and 
pulse shape. 

A great variety of radar test equipment is 
utilized aboard SMS ships for checking radar 
transmission characteristics. It would be im¬ 
practical, at this time, to discuss radar test 
sets in terms of specific equipment. We can, 
however, discuss them in terms of some of 
the functions they perform. 

FREQUENCY MEASUREMENT 
OF EMISSIONS 

A frequency meter is an instrument which 
is used to provide a simple, reliable and ac¬ 
curate means for adjusting the emitted or res¬ 
onant frequency of transmitters, field strength 
meters, receivers, and other tuned detectors 
or emitters to a desired value. The term fre¬ 
quency meter is sometimes applied to test 
instruments which measure the frequencies of 



A 
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Figure 12-43.— A. Single-ended output connections. B. Balanced output 

connections. 
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external signals and have no provision for emit¬ 
ting a signal. This latter type of instrument 
is more properly called a wavemeter. 

Wavemeters 

Wavemeters are calibrated resonant circuits 
used to measure frequency. Although the ac¬ 
curacy of wavemeters is not as high as that 
of heterodyne frequency meters, they have the 
advantage of being comparatively simple and can 
be easily carried about. 

Any type of resonant circuit may be used 
in wavemeter applications. The exact kind of 
circuit employed depends on the frequency range 
for which the meter is intended. Resonant circuits 
consisting of coils and capacitors are used for 
low-frequency wavemeters. Butterfly circuits, 
adjustable transmission line sections, and res¬ 
onant cavities are used in VHF and microwave 
instruments. 

There are three basic kinds of wavemeters: 
the absorption, the reaction, and the trans¬ 
mission types. Absorption wavemeters are com¬ 
posed of the basic resonant circuit, a recti¬ 
fier, and a meter for indicating the amount of 
current induced into the wavemeter. In use, 
this type of wavemeter is loosely coupled to 
the circuit to be measured. The resonant circuit 
of the wavemeter is then adjusted until the 
current meter shows a maximum deflection. The 
frequency of the circuit under test is then 
determined from the calibrated dial of the wave¬ 
meter. 

The reaction type derives its name from the 
fact that it is adjusted until a marked reaction 
occurs in the circuit being measured. For ex¬ 
ample, the wavemeter is loosely coupled to the 
grid circuit of an oscillator and the resonant 
circuit of the meter is adjusted until it is in 
resonance with the oscillator frequency. The 
setting of the wavemeter dial is made by observ¬ 
ing the grid-current meter in the oscillator. At 
resonance, the wavemeter circuit takes energy 
from the oscillator, causing the grid current 
to dip sharply. The frequency of the oscillator 
is then determined from the calibrated dial of 
the wavemeter. 

The transmission wavemeter is an adjustable 
coupling link. When it is inserted between a 
source of radiofrequency energy and an indicator, 
energy is transmitted to the indicator only when 
the wavemeter is tuned to the frequency of the 
source. Transmission wavemeters are widely 
used in measuring microwave frequencies. 


In figure 12-44 a typical cavity wavemetef 
is illustrated. 

The wavemeter illustrated is of the type 
commonly used for the measurement of micros 
wave frequencies. The device employs a resoi 
nant cavity which effectively acts as a high-$ 
LC tank circuit. The resonant frequency of the 
cavity is varied by means of a plunger which 
is mechanically connected to a micrometer 
mechanism. Movement of the plunger into the 
cavity reduces the cavity size and increases the 
resonant frequency. Conversely, an increase in 
the size of the cavity (made by withdrawing 
the plunger) lowers the resonant frequency, 
The microwave energy from the equipment under 
test is fed into the wavemeter through one of 
two inputs, (A) or (D). A crystal rectifier then 
detects or rectifies, the signal and the rectified 
current is indicated on the current meter, M. 


The instrument can be used as either a 
transmission type or an absorption type wave¬ 
meter. When used as a transmission wavemeter, 
the unknown signal is coupled into the circuit 
by means of input (A). When the cavity is tuned 
to the resonant frequency of the. signal,- energy is 
coupled through coupling loop (B) into the cavity 
and out through loop (C) to the crystal rectifier 
where it is rectified and is indicated on the 
meter. At frequencies off resonance little or 
no current flows in the detector and the meter 
reading is small. Therefore, the micrometer and 
attached plunger are varied until a maximum 
meter reading is obtained. The micrometer 
setting is then compared with a calibration chart 
supplied with the wavemeter to determine the 
unknown frequency. 


When the unknown signal is relatively weak, 
such as the signal from a klystron oscillator, 
the wavemeter is usually used as an absorption 
type of device. Connection is made to the 
instrument at the input (D). The RF loop (C) 
then acts as an injection loop to the cavity, 
When the cavity is tuned to the resonant frequency 
of the klystron, maximum energy is absorbet 
by the cavity and the current indicated on the 
meter dips. When the cavity is not tuned tc 
the frequency of the klystron, high current U 
indicated on the current meter. Therefore, the 
cavity is tuned for a minimum reading, or dip 
in the meter, and the resonant frequency il 
determined from the micrometer setting am 
the calibration chart. 

The potentiometer, Rl, is used to adjust th< 
sensitivity of the meter from the front panel a 
the instrument. Jl is a video jack and is provide* 
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or observing video waveforms with a test oscil- 
oscope. 

A directive antenna is used in conjunction with 
le instrument for making relative field strength 
oeasurements of radiated signals, for use in 
leasuring the frequency of radar transmitters, 
nd for constructing radiation patterns of trans¬ 
iting antennas. 


In radiation pattern measurements, the 
directive antenna is connected to the wavemeter 
input and the instrument is tuned to the 
frequency of the system under test. The cavity 
is then locked on thi6 frequency. The output 
signal being measured must be continuous and 
constant for reliable results. This is necessary 
in order for any variation in the meter reading 



Figure 12-44. — Typical cavity wavemeter. 
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to be caused directly by a change in the actual 
field strength of the signal when the position 
of the wavemeter is changed with respect to the 
transmitting antenna. After establishing a 
reference level on the meter, the position of 
the wavemeter is then changed by moving it 
around the radiating antenna, maintaining a fixed 
distance from it. The wavemeter readings at 
various positions around the transmitting equip¬ 
ment are recorded on polar graph paper and 
the field pattern thereby determined. 

The frequency of the radar rna\ also be 
indicated on an oscilloscope. The i eduction in 
power caused by absorption in the resonant 
cavity is apparent by a decrease in pulse amplitude 
on the CRT. This dip is usually easier to 
detect than the power meter dip, as the scope 
responds more quickly than the power meter. 
Final tuning, however, should always be done by 
the meter indication. Transmitter frequency may 
also be measured during spectrum observation. 

POWER MEASURES 

In making power measurements on a radar 
transmitter, there are two methods of sampling 
the power output of the transmitter. One method 
uses a pickup horn in front of the radar antenna. 
When this method is used, the placement of the 
pickup horn in relation to the antenna is extremely 
critical as air losses must be taken into considera¬ 
tion. A more satisfactory method is to connect 
the test set to the radar directional coupler. 
This avoids the difficuUv of measuring or cal¬ 
culating air losses. 

The radar test set used in this discussion 
can be ielated to the AN/SPM--5 or the 
AN/SPM-15. These radar test sets are discussed 
further in the Tales, Tartar and Terrier supple¬ 
ments of this textbook. 

When the power (in dbrn) is read from the 
attenuator dial, the losses must be added to 
this figure. This is easily done by adding the 
attenuation (in db) of the directional coupler 
and the loss (in db) of the coaxial cable to the 
attenuator dial reading. The cable losses are 
usually indicated on a tag attached to the cable 
and usual values are about l db per foot of 
coaxial cable. The loss (in db) of the directional 
coupler is found on a tag or nameplate attached 
to the directional coupler and is usually 20 db 
or more. 

Testing a radar set for average power output 
might proceed on the following plan: When the 
test set and radar are warmed up and operating, 


the appropriate connections are made in accord^* 
ance with the operation instructions for the* 
test set. 

NOTE: Two precautions should be observed 
when connections are made to the test set. They 
are as follows: 


1. Be sure the attenuation controls are s 
for maximum attenuation to avoid damaging th< 
test set with power levels that are too high. 

2. Turn the frequency meter off resonance 

so that none of the power will be lost in th^| 
resonant cavity. ju 

The attenuation controls are then adjusted t$y 
decrease attenuation until the power meter readsl 


1 milliwatt. The attenuation (in dbm) may theijg 
be read from the attenuator dial. To this is^ 


added the attenuation of the directional coupler 
and the coaxial cable. The total attenuation is 
then indicative of the transmitter power. 

Figure 12-45 shows a graph that can be used 
to convert power in dbm to average power ifl* 


POWER OUTPUT OF RADAR SYSTEM IN DBM 


60 55 50 45 40 35 30 



Figure 12-45. — Conversion of power in dbm to 
power in watts. 
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itts. This can also be accomplished mathe- 
itically by the equation 


P2 

dbm = 10 log-pY" 


graph of figure 12-45 in this case as it does not 
go high enough. However, using the mathematical 
equation above, the result is 

P2 

77.6 dbm = 10 log 


lere dbm is the total attenuation, P2 is the 
known output power in milliwatts, and PI is 
3 1-milliwatt reference level. 

For example, suppose the power measurement 
r a radar set shows a dial reading of 2l dbm 
i the test set, the directional coupler has 20 db, 
id the coaxial cable has 1 db per foot and is 
feet long. Inserting these values in the equation 
ves 


49 dbm 


10 log—pY 


^arranging and substituting 1 mW (reference 
iwer) for Pi gives 


10 


7.76 


P2 

1 mW 


P2 = 10* 76 x 10 7 x lmW 


P2 = 5.75 x 10 x lmW 
P2 = 57.5 kW 


Two things become apparent: Peak power is 
much greater than average power, and a 28.6-db 
gain represents a tremendous increase in power. 

A test equipment employing a bolometer has 
become the standard instrument for power meas¬ 
urements of RF energy in the higher frequency 


4.9 


log 


P2 

1 mW 


P2 

P2 

P2 


P2 4 9 

p2 = 10 x 1 mW 

lmW 

0 Q 4 

10 u,y X 10 X 1 mW 

7.94 x 10 4 mW = 79400 mW 

79.4 watts. 


his corresponds closely to the value of 80 
atts that is arrived at when the graph (fig. 
J-45) is used. 

L To find the peak power of the radar, the 
iart shown in figure 12-46 may be used. The 
RF and pulse width must be known. They may 
3 obtained by measurement or from descriptive 
ita on the radar. 

Assuming a pulse width of 0.8 microseconds 
id a PRF of 1,706 pulses per second, lay a 
;raightedge on the chart, connecting point A 
tulse length) and point B (PRF). At point C 
3ad the value of db (28.6). This value is added 
> the dbm reading obtained in the average 
hwer measurement and the peak power can 
ien be calculated. To find the peak power in 
ie case previously cited, add 28.6 db to 49 dbm 
>r a total of 77.6 dbm. We cannot use the 
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Figure 12-46. — Average to peak (duty cycle) 
power conversion chart. 
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anges. At lower frequencies simpler methods 
re desirable, even though there is no frequency 
estriction on the use of bolometers. 

Essentially, the bolometer is a loading device 
hat undergoes changes of resistance as changes 
n dissipated power occur. There are two chief 
ypes of bolometers, the barretter and thethermi- 
tor. The barretter is characterized by an 
ncrease in resistance as the dissipated power 
ises, but the thermistor decreases in resistance 
s the power increases. In the case of either 
evice, resistance is measured before and after 
he application of RF power. If the same change 
n resistance is then produced by a variable 
-c source of power, the RF power is equal 
3 the measured d-c power. This relationship 
lakes possible the calibration of a bridge circuit 
irectly in units of power. In other words, 
here is one condition of balance when no RF 
ower is applied, but in the presence of power 
here is a second condition of balance owing to 
he resistance change of the bolometer. It is this 
hange of resistance that is calibrated in power. 

barretter 

The structure of a typical barretter is shown 
i figure 12-47. The fine wire (usually tungsten) 
s extremely small in diameter, so that it is 
ossible for the RF current to penetrate to the 
enter and thereby minimize skin effect. It is 
upported in an insulating capsule between two 
letallic ends, which also act as connectors, 
because of these physical characteristics the 
arretter resembles a cartridge type fuse. The 
nclosure is a quartz capsule made in two parts, 


QUARTZ INSERT USED TO COMPLETE 
CAPSULE AFTER WIRE IS MOUNTED 



CAPSULE 


167.158 

Figure 12-47. — Typical barretter. 
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the second part of which is an insert cemented 
in place after the tungsten wire has been mounted. 
In operation, the barretter is matched to the 
RF line after the RF power is applied. At ljS 
levels of power, the resi stance-versus-povra^ 
curve of the barretter is characterized by^ 
square-law relationship. _ 

f 

Thermistor 

A high degree of precision is made possible 
by the thermistor, and consequently it is widely 
used. The negative temperature coefficient oomefe 
from the use of a semiconductor as the active 
material. Figure 12-48 shows a predominant 
type of construction. Note that the active material 
is shaped in the form of ahead, which is supported 
between two pigtail leads by connecting wires. 
The pigtail ends are imbedded in the ends of 
the surrounding glass capsule. 

A thermistor bridge circuit frequently includes 
other thermistor elements, called compensating 
thermistors. These thermistors respond to 
fluctuations of ambient temperature so that the 
bridge balances, and hence the calibration is 
maintained over a wide temperature range. Com¬ 
pensating thermistors are usually in disc form 
so that they can be mounted upon a flat metal 
surface such as a chassis or wave guide. 

The negative-resistance temperature coeffi¬ 
cient of thermistors is desirable, because ex¬ 
cessive power has the effect of changing the 
resistance of the thermistor to an extent that 
causes a pronounced RF mismatch. The resulting; 
decrease in power transfer reduces the likelihood 
of burnout. r ‘ 
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Figure 12-48. — Bead type thermistor. 
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thermistor Bridge 


‘ Figure 12-49 is an example of a thermistor 
ridge utilized for RF power measurements, 
he thermistor bridge (fig. 12-49B) located in 
lie terminating section of the waveguide contains 
tT2, a bead thermistor, and two compensating 
lermistors, RTl and RT3, on the outside of 
lie waveguide. RAl, a calibrated attenuator, 
ontrols the amount of RF energy applied toRT2. 


Prior to applying power, Rl and R2 (fig. 
12-49A) are used to adjust the current through 
RT2. When the resistance of RT2 reaches 250 
ohms, the bridge is balanced. Meter Ml reads 
zero at this time. The RF signal being measured 
is connected to the test set and applied via 
the calibrated attenuator, to RT2. This causes 
the temperature of RT2 to increase, reducing 
its resistance. The bridge becomes unbalanced, 
causing meter Ml to deflect an amount propor¬ 
tional to the decrease in resistance of RT2. 


METER BALANCE 
FINE COARSE 




Figure 12-49. — Average power measurement. 
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Meter Ml, due to the operation of RT2 reads 
average power. 

If the ambient temperature rises, the 
resistance of RT1 decreases, shunting more 
current around the bridge network, which allows 
RT2 to cool. The resistance of RT3 decreases, 
maintaining meter sensitivity independent of am¬ 
bient temperature changes. 

The cavity (A-l) is an absorption type fre¬ 
quency meter. Frequency measurements are 
made by adjusting the cavity for a minimum 
reading on meter (Ml). 

RECEIVER SENSITIVITY 

In chapter 8 you learned the definition of 
receiver sensitivity as applied to fire control 
radar. Here we will discuss the two basic 
methods of measuring receiver sensitivity. One 
method is the pulse method where a pulse of 
measured amplitude and width is generated and 
coupled to the radar receiver. This method is 
rather difficult as consistent results require 
that the signal generator be tuned very accurately 
to the receiver frequency. 

The second method employs an FM generator 
to sweep the signal generator across the receiver 
frequency. This method insures that the test 
signal is within the pass band of the receiver. 

Pulse Method 

With the pulse method, the radar test set 
(AN/SPM-5 for example) is connected for signal 
generator operation and set to the receiver 
frequency. Then the test set signal is adjusted 
to the 1 mW reference level with the uncalibrated 
variable attenuator. The DELAY AND SWEEP 
LENGTH control is used to position and identify 
the test set pulse on the CRT. The pulse should 
be positioned away from other targets and ground 
clutter. (See fig. 12-50 (A).) 

Radar-receiver gain should be adjusted so 
the noise signal (grass) on the CRT is about 
one-half that of the radar-transmitter pulse. 
The signal gain control on the test set should 
be adjusted until the grass is about l/2 inch 
high. Adjust the PULSE OR GATE WIDTH con¬ 
trol to the width of the transmitter pulse. In¬ 
creasing the attenuation with the dbm control 
causes the signal to decrease in amplitude. 
(See fig. 1 2-50(B).) The attenuation should be 
increased until the signal is no longer discernible 
in the grass. (See fig. 12-50(C).) Rocking the 
delay multiplier control will cause the test set 
signal to move back and forth, making the test 
set signal easier to identify in the grass. 


The sensitivity of the receiver is equal to 
the sum of the reading on the DBM control, the 
attenuation of the directional coupler, and the 
attenuation of the RF cable. Receiver sensi¬ 
tivity is expressed as a negative dB; thatjji, 
-90 db expresses the sensitivity of a receiver 
than can detect a signal 90 db down from tige 
1-mW reference level. 

J 

FM Method > 

The FM method of measuring receiver sensir 
tivity offers two main advantages over the pulse 
method; tuning of the test set to the receive 
frequency is not as critical, and receiver band¬ 
width tests can be made with relatively feu 
changes in test set adjustments after sensitivity 
tests have been made. The procedure for meas¬ 
uring MDS is given in the steps listed below 


GKOUI : 0 GLITTER /.NO 
fl'JAPbY T/.f: r £T SIGNALS 


C.T.i • G-T- 

tts'-gct 



Figure 12-50. —Measuring receiver sensiti 
with pulse generator. (A) Large signal; 
small signal; (C) signal just disappearing iv 


noise. 
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1. Set the SIGNAL-WIDTH control to maximum 
(CW). 

2. Adjust the REFLECTOR control for maxi¬ 
mum klystron output as indicated on the power 
meter. 

3. Tune the klystron to approximate radar 
frequency by adjusting the frequency meter to 
the frequency of the radar transmitter and 
tuning the OSC FREQUENCY control for a dip 
in the power meter reading. 

Since the klystron mode is fairly broad, 
sxtreme accuracy in tuning the klystron is 
lot necessary. For example, the width of the 
flat portion of an X-band klystron is about 10 
negahertz; therefore, the tuning accuracy re¬ 
tired is ±5 megahertz. 

4. If necessary, adjust the REFLECTOR 
control again for maximum output. If a sizable 
adjustment is required, repeat step 3. 

5. Adjust the uncalibrated attenuator for a 
L-mw indication. 

6. Set the receiver gain control for about 
/2 inch of grass on the CRT indicator. 

7. Reduce the SIGNAL WIDTH control setting 
intil the pulse is seen on the CRT. (See fig. 
.2-51 (A).) Decrease the attenuation of the dbm 
jontrol as necessary to obtain a pulse on the 

:rt. 

8. If necessary, adjust the REFLECTOR 
lontrol to position the echo pulse in a target 
ree area. If more than one mode of the klystron 
s visible (fig. 12-51 (B)), use the largest one. 

9. Adjust the SIGNAL WIDTH control for 
he desired pulse width. This will normally be 
he same as the transmitter pulse. 

10. Set the DBM control for minimum dis¬ 
enable signal as described for the pulse method 
f testing receiver sensitivity, rocking the RE¬ 
FLECTOR control to help distinguish the signal. 

11. Find the total attenuation in db. The value 
btained is the MDS in db below l mw (-dbm). 
'otal attenuation equals coupling loss plus cable 
dss plus attenuator reading (all in db). 

SPECTRUM ANALYZER 

A spectrum analyzer is a device that sweeps 
ver a band of frequencies to determine (1) what 
'equencies are being produced by a specific 
ircuit under test and (2) the amplitude of each 
'equency component. To accomplish this, the 
pectrum analyzer presents, on an oscilloscope 
isplay, a pattern in which the relative amplitudes 
f the various frequencies of the spectrum are 
lotted on the vertical, or Y axis, while the 



TEST SET SIGNAL 
MODE I 


GROUND CLUTTER ANO 
NEARBY TARGET SIGNALS 


TEST-SET SIGNALS 


FREQUENCY-METER DIP 


AQ.627 

Figure 12-51. — Measuring receiver sensitivity 
with an FM generator. (A) Bandpass curve, 
signal width control near center of range; 
(B) signal width control near MIN; (C) signal 
width control near CW, frequency meter dip 
near center. 


frequencies themselves are plotted on the hori¬ 
zontal, or X axis, of the cathode-ray tube. The 
overall pattern of this display indicates the pro¬ 
portion of power present at the various frequencies 
within the spectrum. 

The spectrum analyzer can be used to examine 
the spectra of radar transmissions, local oscil¬ 
lators, test sets, and other equipment operating 
within its frequency range. Proper interpretation 
of the displayed spectra enables the technician to 
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determine the degree of efficiency at which the 
equipment under test is operating. The experienc¬ 
ed technician, in many instances, will be able 
to determine definite areas of malfunctioning 
component or components within an equipment. 
In any event, successful spectrum analysis will 
be dependent upon proper operation of a spectrum 
analyzer and the technician’s ability to correctly 
interpret the displayed spectra. 

COMPONENTS OF A SPECTRUM 

A common conception of the output of a pulsed 
oscillator is a single frequency, which is turned 
on and off for periods of standard duration. This 
action is similar to the output of a conventional 
CW telegraph transmitter. The output of the 
pulsed radar oscillator does not consist of a 
fundamental frequency that is turned on and off, 
but must be considered as a fundamental fre¬ 
quency that is pulse modulated by the waveform 
of the trigger pulse. 

Effects of Modulating Pulses 

When modulated, any fundamental frequency 
will produce a fundamental frequency with side¬ 
band frequencies, which collectively is called a 
spectrum. The distribution of the power on these 
frequencies is a function of the modulation. 
Normally, modulation is plotted on an amplitude 
and time basis as shown in figure 12-52, B, C, 
and D. 

Assume F to be the fundamental frequency of 
the oscillator. Waveform A shows the fundamental 
frequency plotted as amplitude against time. 
The number of periods occurring within one 
second determines the frequency of the oscillation. 
The amplitude is represented as proportional to 
the distance between the negative and positive 
peaks of one cycle. 

In a spectrum pattern, this same frequency 
and amplitude would be represented as Fin figure 
12-52E. Points along the horizontal axis represent 
frequency, which increases from left to right, 
while distance along the vertical axis above the 
baseline represents amplitude. Thus, two methods 
of diagramming the results of amplitude-modulat¬ 
ing a carrier frequency are shown. 

Assume that Fpl is a modulation frequency 
applied to the fundamental frequency, F. This 
is normally represented on an amplitude-versus- 
time basis. This same type of modulation is 
shown by two lines on the spectrum pattern. 


These lines are marked F+F p l and F-F p l in 
figure 12-52E. The reason for this is that the 
modulated wave actually represents the results 
of heterodyning two different frequencies. These 
frequencies are effectively present in the modu¬ 
lated output, and can be detected by suitable 
receivers. One of the frequencies is the sum of 
the two, and the other is the difference. The 
amplitudes of the new frequencies are each half 
the amplitude of the modulating frequency. 

Assume also that a second harmonic of the 
modulating frequency exists. This is usually 
of a smaller amplitude than the fundamental of 
the modulating frequency. Another set of waves 
will be developed as at C for amplitude-versus- 
time, and at F+F 2 and F-F 2 on the spectrum 
pattern. ^ ^ 

Additional modulating frequencies will produce 
additional sideband frequencies. Since these fre¬ 
quencies are normally present in a harmonic 
relationship, the net result is a number of different 
frequencies above and below the carrier. The 
difference between any two adjacent frequencies 
is equal to the fundamental modulating frequency. 

Spectrum of a Pulsed Oscillator 

Usually a pulse modulated oscillator is pulsed 
by the application of a rectangular wave of voltage 
to an oscillator circuit. A narrow rectangular 
wave contains an exceedingly wide range of 
harmonics, including harmonics of a very higji 
order. Consequently, a pulsed oscillator may be 
assumed to be an oscillator modulated by a 
modulation frequency that is exceedingly rich in 
harmonics. 

The pulse frequency and the basic frequency 
of the pulsed oscillator are shown on the am¬ 
plitude-versus-time graph (fig. 12-53). From 
this figure, it might appear that the output is 
simply a pure CW wave of constant amplitude 
and frequency, turned on for brief intervals c£ 
time. This concept cannot be true because of the 
presence of the modulation frequency F p l, and 
the very large number of harmonics, Fp2,FpS, 
etc. Therefore, the fundamental modulation fre¬ 
quency and its many harmonics may be considered 
to modulate the oscillator to produce a fundamental 
frequency with many sidebands. The net result 
is a spectrum such as was developed in figure 
12-52E, except that it extended to a very large 
number of frequencies above and below the 
fundamental frequency. Such a spectrum is shown 
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Figure 12-52. —Comparison of amplitude versus time to amplitude versus frequency. 
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Figure 12-53. — Output of a pulsed oscillator. 


along with the pulse that produced the spectrum 
in figure 12-54A and B. It is shown that the 
output of the oscillator consists of an infinite 
number of lines representing different 
frequencies. However, because of the harmonic 
relationship between the modulation frequency and 
its harmonics, these lines will always be separat¬ 
ed by a distance on the baseline that is equal to 
the fundamental modulation frequency, Fpl. 

The amplitude-versus frequency plot provides 
an envelope, which is of value in estimating the 
power distribution in the output of a pulsed 
oscillator. This spectrum as plotted on the 
spectrum analyzer, is a power spectrum produced 
by the square law characteristics of the detector. 
The true power spectrum, which represents the 
voltage (amplitude) squared, is shown in figure 
12-54D. 

The power spectrum emphasizes the 
importance of confining the majority of the 
power at the fundamental frequency of the pulsed 
oscillator. The spectrum analyzer can be used 
in tuning a pulsed oscillator so as to provide 
the greatest range of power output in the band¬ 
pass circuits of a receiver. 

Figure 12-54C represents a sample of the 
spectrum. The figure shows the effective voltage 
derived from the oscillator frequency spectrum. 
We can conclude that the pulsed oscillator output 
contains both frequency and amplitude components. 
The effect of amplitude modulation is to increase 
the number of sidebands in the spectrum. The 
effect of frequency modulation is to increase the 
amplitude of the side lobes, since the frequency 


of the oscillation is effectively shifted back 
and forth between points on each side of its 
true fundamental frequency. 

BLOCK DIAGRAM 


Basically, the spectrum analyzer consists of a 
superheterodyne receiver with a frequency modu¬ 
lated, RF oscillator (fig. 12-55). The analyzer 
RF oscillator is modulated with a sawtooth voltage, 
which causes the oscillator to operate over a 
range of frequencies. As the frequency of the 
analyzer RF oscillator increases, it beats with 
the incoming signal to produce an IF signal for 
various frequency components present in the 
spectrum of the received signal. These signals 
are presented on a cathode-ray oscilloscope as 
the spectrum pattern. 

The RF input is applied to a variable atten¬ 
uator. The attenuator controls the spectrum 
amplitude, and consists of two carbonized 
resistance cards inserted in the RF input end of 
the waveguide. Varying the contour of these 
cards varies the degree of attenuation. Maximum 
attenuation is obtained when the cards are flexed 
together in the center of the waveguides. The 
attenuator controls the amplitude of the RF signal 
either entering the analyzer, or leaving the 
analyzer when it is used as a signal generator. 

The analyzer R F oscillator is a reflex velocity- 
modulated klystron. It is frequency modulated by 
a portion of the sweep voltage, which is applied 
to the oscilloscope deflection plates. The sweep 
voltage creates a maximum frequency swing in 
the oscillator output of 40 to 50 MHz. The 
analyzer RF oscillator output is matched to the 
load by the fixed attenuator in the waveguide. 


The incoming signal and the output of the 
RF oscillator are mixed at the crystal mixer. 
The output is applied to the input circuit of the 1 
tuned IF amplifier section to produce the inter¬ 
mediate frequency of 22.5 MHz. 


An absorption type frequency meter is mounted^ 
in the waveguide at a point between the crystal and 
the RF oscillator. The meter consists of a cavF - 
with dimensions that can be varied by a fr 
panel control. Each time the frequency of 
RF oscillator passes through the resonant f: 
quency of the frequency meter, the meter abso 
some of the RF power. This causes a sh) 
decrease in the amplitude of the output of 
RF oscillator that is applied to the crystal, 
change in amplitude is caused to appear 
the scope as a sharp pip, which is used as a ; 
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Figure 12-55. — Spectrum analyzer, block diagram. 
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frequency marker. The pip occurs when the 
frequency of the RF input coincides with the 
frequency of the meter. 

The output of the crystal mixer is applied 
to the input circuit of the 22.5 MHz intermediate 
frequency amplifier. The output of the IF ampli¬ 
fier section is applied to the oscillator-converter. 

The oscillator-converter contains a local 
oscillator operating at a frequency of 19.5 MHz. 
The intermediate frequency is changed to three 
megahertz in this stage by beating the 19.5 
MHz frequency against the 22.5 MHz from the 
crystal mixer. The sharply tuned plate circuit 
of the oscillator-converter produces a 50-MHz 
circuit bandpass. The output is applied to the 
detector stage. 


The detector section functions as an infinity 
impedance detector. The rectified output of th< 
detector is applied to the video amplifier. _ 
The video amplifier stage has two inputa 
One is the output of the detector, and the othej 
the frequency meter pip obtained from the dH 
amplifier through a differentiating circuit. Thj 
output of the video amplifier is coupled to till 
vertical deflecting plates of the oscilloscope, i 
portion of the video output is used to triggel 
the intensifying stage. 

When the selector switch is in the MIXES 
position (position 1), the d-c mixer amplifia 
the output of the crystal mixer and applied 
it through the selector switch to the vertic* 
plates of the cathode-ray tube for test purposes 
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In the other two positions of the selector switch, 
the output of the d-c mixer is applied to the 
video amplifier. The end pips of the waveshape 
appearing at the video amplifier grid are derived 
by differentiation in the plate circuit of the d-c 
mixer amplifier. The center pip corresponds to 
the point of resonance of the frequency meter. 

The sweep generator is a gas tube relaxation 
oscillator that generates a sawtooth output at 
frequencies between 10 and 30 hertz. The output 
of the sweep oscillator is used to drive the 
sweep inverter amplifier. 

The sweep inverter amplifier provides push- 
pull deflection voltages for the horizontal plates 


of the cathode-ray tube. It also supplies modu¬ 
lating voltage to the analyzer RF oscillator and 
trigger voltage for the blanking section. 

When the selector switch is placed in either 
of the SPECTRUM positions (position 2 or 3), 
the video amplifier signal triggers the intensifier 
tube. The output thus produced is coupled to the 
intensifying grid of the cathode-ray tube. 

The input voltage from a section of the 
sweep inverter amplifier is used to trigger the 
blanking tube. The output of this tube is applied 
as blanking voltage to eliminate the return trace 
that would otherwise appear on the scope screen. 
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CHAPTER 13 


ADMINISTRATION 


INTRODUCTION 

It may seem strange to include a chapter 
on administration for FTMs of your present 
pay grade. But as a member of the weapons 
department you are a partner in its adminis¬ 
tration. True, most of your working day is spent 
on a particular piece of equipment that is but a 
part of the entire fire control system. Therefore 
you probably think of yourself as being sub¬ 
jected to administration rather than being a 
part of it. Essentially, however, it is your 
work, ability, and training, plus your equipment, 
that is being administrated; and you have some 
say in the determination of administrative 
policies. 

The operational and maintenance policies on 
your equipment are based in part on data obtained 
from the records and reports that you make. 
Thus, administration is a tool to aid you, and is 
well worth the paperwork involved. The assistance 
you receive from administration is not always 
apparent and the paperwork is sometimes dis¬ 
regarded or slighted in the name of expediency. 
When this happens, everyone loses because some¬ 
thing is taken away from the organization. 

THE IMPORTANCE OF PAPERWORK 

Your big job is to keep fire control equipment 
in top working order. To help you do this, the 
Navy provides many publications and other written 
material pertinent to the maintenance task. In 
return, the Navy requires you to provide written 
reports on how well you are maintaining your 
equipment. By a roundabout way there is a 
constant flow of information between you and the 
Navy, principally between you and the Naval 
Ordnance Systems Command (NAVORDSYSCOM). 

Your information may leave your ship in the 
form of a letter or report which is processed 
by a machine or an individual of the Command. 
It is probable that information you have supplied 
will trigger some kind of action in the Command. 


To illustrate, let’s assume you have sent in 
five failure reports on the same relay. You 
may think that this recurring casualty happens 
only in your particular equipment, but ten other 
ships have also sent similar reports to the 
Command. An engineer in the guided missile fire 
control system section in NAVORDSYSCOM sees 
a failure pattern and analyzes the relay circuit. 
He detects a faulty circuit design. Then he makes 
a change to correct the relay failure. The 
engineer writes instructions on how to rewire the 
existing relay circuit and sends these instructions 
to all ships that have your fire control system 
equipment. These instructions are called 
Ordnance Alterations (ORDALTS). If the circuit 
change is not complicated or requires minor 
changes to equipment, you will make the circuit 
alterations. Thus, we have completed a corres¬ 
pondence loop, or in Navy jargon, we have 
“feedback.” This feedback loop system is very 
important. Any break in the loop destroys the 
effectiveness of the system. Don’t be the one to 
break it. 

Some of the bookkeeping chores you will be 
involved with are part of your military duties 
and therefore are covered in Military Require¬ 
ments for Petty Officer 3&2, NavPers 10058-B. 
The chapters of particular interest to you at 
this time are the chapters on “Supply” and “The 
3-M System.” 


PUBLICATIONS 

There are many publications used in the 
proper maintenance of fire control equipment. 
Technical publications issued by various Systems 
Commands and Bureaus of the Department of 
the Navy are sources of important information 
for every man in the Navy. Publications by Naval 
Ordnance Systems Command (NAVORDSYSCOM), 
Naval Ship Systems Command (NAVSHIPSYS- 
COM), Naval Supply Systems Command (NAVSUP- 
SYSCOM), and the Bureau of Naval Personnel 
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(BUPERS) concern Missile Fire Control Techni¬ 
cians. The most important publications from these 
sources that you should be familiar with are 
discussed in this chapter. 

INSTRUCTIONS AND NOTICES 

A system is in use throughout the Navy for 
the issuance of directive type releases, including 
those which prescribe policy, organization, 
methods, or procedures, and those which contain 
information, Certain publications, such as estab¬ 
lished manuals, operation releases, technical 
publications, some classified matter, and those 
joint Army-Navy-Air Force publications which 
are numbered serially, but do not have separate 
Army or Air Force designation are excluded 
from the system. 

This program, called the Navy Directives 
System, provides a uniform plan for issuing 
and maintaining directives. Conformance to the 
system is required of all system commands, 
bureaus, offices, activities, and commands of 
the Navy. Two types of releases are authorized 
under the plan: Instructions and Notices. 

INSTRUCTIONS are directives which contain 
information or require action of a continuing 
nature. An Instruction has permanent reference 
value and is effective until the originator super¬ 
sedes or cancels it. 

NOTICES are directives of a one-time nature 
and contain information or require action which 
can be completed immediately. A Notice does 
not have permanent reference value and con¬ 
tains provisions for its own cancellation. 

For reasons of identification and accurate 
filing, all directives can be recognized by the 
originator’s authorized abbreviation, the type of 
release (whether an Instruction or Notice) a sub¬ 
ject classification number; and in the case of In¬ 
structions only, a consecutive number. Because 
of their temporary nature, the consecutive number 
is not assigned to Notices. This information is 
assigned by the originator and is placed on 
each page of the release. 

The manner of numbering and identifying 
directives can be better understood by con¬ 
sidering a typical identifier: 

NAVORD INST. 8260.1 

(a) (b) (c) (d) 

(a) Here the authorized abbreviation of the 
originator of the directive is placed. 

(b) This part refers to the type of release, 
in this case an Instruction. 


(c) This is the subject number which is 
determined by the subject matter of the direc¬ 
tive, and is obtained from the Table of Subject 
Classification Numbers. 

(d) Following the period is the consecutive 
number which is found only on Instructions. An 
originator would assign consecutive numbers to 
those consecutive instructions with the same 
subject classification number. In the example 
above, the Subject Classification Number 8260 
concerns “Guided Missile Fire Control.” If 
the originator, NAVORDSYSCOM, issued addi¬ 
tional Instructions dealing with guided missile fire 
control, they would be assigned numbers, 8260.2, 
8260.3, 8260.4, etc. Subject classification numbers 
are listed in the Table of Subject Classification 
Numbers found in the current revision of SECNAV 
Instruction 5215.1. This table contains a numerical 
and alphabetical listing of numbers with their 
related subjects, and is of considerable value 
for reference use when information or instruc¬ 
tions of a particular nature are desired. This 
instruction contains all the necessary information 
for classifying documents by subject. The major 
numerical subject group, 8000-8999 — Ordnance 
Material— is of interest to the Fire Control 
Technician. 

A permanent file of instructions that are 
applicable to the ship is kept in the ship’s 
office. This is the master file of instructions; 
specific or subject files are kept in the depart¬ 
ment offices. Thus a copy of all the ordnance 
instructions should be in the weapons office along 
with a copy of the current Consolidated Subject 
Index NavPublnst 5215.4. Suppose we want to 
see if there are any instructions on the main¬ 
tenance of a radar antenna. We would look in 
the index, which lists the instructions alpha¬ 
betically by subject title. Under radar antennas 
we find that NAVORD Inst. 8222.1 applies to an 
antenna maintenance program. We would look at 
this instruction to see what the program consists 
of. The instructions are filed numerically. 

ORDNANCE PAMPHLETS 

The main source of technical information on 
operation and maintenance of ordnance is the 
Ordnance Pamphlet (OP). NAVORDSYSCOM pub¬ 
lishes these technical manuals, each under its own 
OP number. They may be prepared by some other 
naval activity, by the manufacturer, by a commer¬ 
cial specialist in such publications, or by the 
Command itself. Surface Missile System OPs 
are of two categories: system OPs and equip¬ 
ment OPs. 
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System OPs provide the information necessary 
to operate a shipboard surface-to-air guided 
missile weapon system in all modes of operation. 
Information for performing routine maintenance 
and fault isolation to the level of an independent 
functional area within a component equipment 
is also provided. 

Equipment OPs provide u.11 the information 
required by Navy personnel to understand, oper¬ 
ate and maintain individual items of equipment. 
Equipment OPs are applicable to subsystems of 
weapons systems as well as to separate inde¬ 
pendent units. 

Another category of OPs that you will find 
of interest are general OPs. General OPs take 
up a subject matter AREA rather than a specific 
item of ordnance equipment. Such OPs, of course, 
do not follow the system and equipment OP 
structure. But they are written and indexed to 
serve as a reference book for instruction and 
training. A good example of this type of OP is 
NAVORD OP 3000, Weapons Systems Funda¬ 
mentals. This introduces and explains the fun¬ 
damental principles of weapons and weapons 
system components. 

The official list of OPs is contained in OP 
O. It is a consolidated listing of all publications 
and forms which pertain to ordnance activities. 
OP O is divided into three parts: 

Part 1. NAVORD Ordnance Publications (OPs) 
consists of a complete numeric listing of all 
OPs, including Special Projects. Part l does 
not list OPs under preparation, cancelled or 
obsolete publications. 

PART 2. NAVORD Ordnance Data (ODs), 
explained next. This part consists of a complete 
numerical listing of all ODs. This part also does 
not list cancelled and obsolete publications. 

Part 3. Subject Index is a listing of all 
NAVORD OPs and ODs listed in this publication 
under equipment identification. 

Ordnance equipment is changing all the time, 
and the OPs on every piece of equipment must 
be kept up to date. This is done by issuing- 
changes. A change is a leaflet or pamphlet that 
specifies in detail actual text alterations in the 
OP to which it applies. Changes are issued auto¬ 
matically to the same distribution list as the OP 
concerned. When received, the changes should be 
attached inside the front cover of the OP, and 
the text and illustration changes called for should 
be entered promptly in the OP itself. There is a 
good chance you will make these changes. Make 
every effort to enter the changes as soon as 
received. 


Publications issued between revisions of OP 
O are listed in the Naval Ordnance Bulletin, a 
classified publication issued quarterly to give 
information on new developments and changes. 

ORDNANCE DATA 

Ordnance Data (OD) are limited-use technical 
publications covering a wide range of subjects 
such as installation, overhaul, publication 
requirements list, the manufacturing process, and 
manufacture’s test data, advance information on 
ordnance equipment, alignment data, parallax 
data, and other miscellaneous information, such 
as tables of weights and dimensions. ODs, like 
OPs, are listed in OP O. 

SMS TECHNICAL BULLETINS 

SMS technical bulletins are an important 
source of information, containing up-to-the- 
minute data on a particular weapons system. 
For example, Talos, Terrier, Tartar and Basic 
Point Defense each has a bulletin source of 
data. The bulletins serve the need for rapid 
dissemination of official NAVORDSYSCOM 
approved material, such as new or revised test 
procedures, troubleshooting techniques, methods 
of alignment and adjustment, and other technical 
information on a system. The information is 
obtained from fleet commands and units, shore 
activities, and industrial contractors. Later this 
information may be incorporated into the OPs 
and ODs on the system and may result in an 
alteration to the weapons system. The bulletins 
are distributed to all installations and activities 
concerned with the weapons system. 

Technical bulletins may call attention to 
technical problems and to the specific informa¬ 
tion of related technical manuals which, if fol¬ 
lowed carefully, should greatly reduce or elimi¬ 
nate the problem; or a technical bulletin may 
note a problem area for which a solution is being 
developed which will be covered in an official 
OP change as soon as the solution has been 
determined. 

NAVORD FORMS 

Forms are any printed labels and tags, 
placecards, signs, decals, drawing formats,form 
letters, and any other duplicated or printed 
papers which require clerical fill-ins or have 
blank spaces for the insertion of information to 
complete their meaning. Forms are used for 
requisitioning repair parts, recording informa¬ 
tion, and reporting. Completing a form requires 
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careful reading and checking the correct answers 
but it is much simpler and quicker than writing 
up a narrative report. Besides, it makes possible 
the accurate tabulation of results which are used 
as the basis for command decisions at all levels. 

Form Numbers 

The assignment of a NAVORD form number to 
a form shows that, before the form is issued, 
the originating activity has checked the form 
to make sure it does not duplicate or overlap 
existing forms. Sometimes the form number is the 
same as the reporting symbol. But this is not 
always true. You might even find a form with 
the same number as the instruction that initiated 
the form. You can see that there can be con¬ 
fusion in identifying a form or instruction. The 
program is designed to eliminate and to prevent 
approval of unnecessary forms; to consolidate 
all similar forms; to standardize and simplify 
forms and relate procedures; to ensure 
economical production, utilization, distribution, 
and stowage of forms; and to provide a central 
source of information about all forms. 

You can find a list of forms, full information 
on their distribution, and instructions for requi¬ 
sitioning them in NAVSUP 2002. Incidentally 
NAVORD SYSCOM welcomes recommendations 
from the fleet for improvement of the forms. 
Whenever new weapons or equipment are brought 
into the Navy, extra reports on all phases are 
needed so the performance of the new weapons 
or equipment can be evaluated. New report 
forms are introduced, tried, and revised, and some 
are discarded. Detailed instructions are issued 
to tell you how the reports are to be filled out. 

All ships of the operating fleets equipped with 
surface missile systems shall complete the 
original and one copy of the Nonexpendable 
SMS Equipment Status Log, NAVORD Form 8810/2, 
figure 13-1 for each equipment listed in NAVORD- 
INST 8810.3B. The originals of each week’s 
data shall be forwarded within seven working 
days after completion to NWS, Seal Beach, 
Corona, California. The log may be filled in 
by hand. The yellow copy of 8810/2 will be retained 
by the ship as its equipment rough log; no other 
log is required. The information recorded on 
3810/2 shall not repeat any maintenance action 
ietails that are normally reported on maintenance 
lotion form 4790/2K. Use as many 8810/2 forms 
is necessary to record all information for a 
seven-day period. Continue entries for the next 


day on the same sheet if space is available. 
Make at least one entry at the beginning of 
every day. This entry should show at least the 
date, time, and code in appropriate columns 
(fig. 13-1). A final daily entry should show at 
least the date, time, status code, and signature 
of the person completing the form. Procedures 
for completing 8810/2 are explained in NAV- 
ORDINST 8810.2A. The security classification 
of 8810/2 when filled in will depend upon the 
content in the Remarks section. If there are no 
classified remarks, then the form is unclassified 
and does not need to be marked. Examples of 
entries which may or may not classify 8810/2 
are: 

a. Statement that a missile was fired is 
unclassified. 

b. Statement of a missile firing with results of 
firing is Confidential. 

c. Specific missile frequencies are Secret. 

d. Routine operations of the equipment, such 
as DSOTs, tracking operations, loading opera¬ 
tions, or system testing are unclassified. 

For the appropriate downgrading statement 
when 8810/2 is classified, see Navy Security 
Manual 5510.1C. 

Other instructions that you should be know¬ 
ledgeable of are NAVORDINST 8810.7, Data Re¬ 
quirements for Surfaced-Launched Missile Firing 
Tests; NAVORDINST 8810.5, Commanding 
Officers Narrative Report on Surface Missile 
Systems; and NAVORDINST 8800.1, Guided 
Missile Service Record. To be of value in spotting 
deficiencies in the missile system, the facts 
recorded in the reports must be accurate. When 
you supply data to the person filling out the 
report, be sure you give correct information. 

Reports used in the Maintenance Data Collec¬ 
tion Subsystem (MDCS) are described in Military 
Requirements for Petty Officer 3&2, NAVPERS 
10056-C, Chapter 13. All the forms described are 
of importance to you. As a FTM 2 you will be 
required to assist in the preparation of OPNAV 
Form 4700-6, Weekly schedule. 

The use of OPNAV Form 4790/2K is also 
described in Military Requirements for Petty 
Officer 3&2, NAVPERS 10056-C. This is the form 
you have to fill out when you are unable to 
complete the maintenance work on a particular 
piece of equipment and it must be deferred 
until you can get parts and assistance from a 
repair facility. OPNAV Form 4790/2K is also 
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used to report certain completed maintenance 
actions and as a work request. All details on 
this form must be carefully and accurately filled 
in. When used for deferred action, it may be 
several months before you can get repair assis¬ 
tance, and some important information could 
easily be forgotten in that time, so timely and 
accurate filling in of the form is essential. 


ORDNANCE ALTERATIONS 

Alterations to ordnance equipment approved 
by NAVORDSYSCOM are called OrdAlt6. An 
OrdAlt instruction furnishes the necessary infor¬ 
mation to accomplish the OrdAlt, while an OrdAlt 
kit provides the material (hardware) needed for 
the alteration. A metal OrdAlt plate is attached 
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to each major piece of ordnance equipment. 
The OrdAlt plate is normally next to the unit’s 
name plate. The number of a completed OrdAlt 
is stamped on the OrdAlt plate as a permanent 
record. The accomplishment of an OrdAlt is 
recorded in the Non-Expendable SMS Equipment 
Status Log and reported via the Maintenance Data 
Collection System (MDCS) of the 3-M system. 
OrdAlt accomplishments are also reported via 
the Ship Armament Inventory List (SAIL) change 
report which we will discuss shortly. 

OrdAlts are numbered consecutively without 
regard to the applicability of equipment or 
vessel. NAVORD OrdAlt 00 is an index of all 
the OrdAlts that have been issued and that are 
under preparation. The issued OrdAlts are listed 
numerically and by the applicable equipment. 

Alterations which affect the military charac¬ 
teristics of a ship may be approved only by 
the Chief of Naval Operations (CNO) and are 
called NavAlts. If a NavAlt affects ordnance 
equipment, it is called a NavAlt OrdAlt. Alter¬ 
ations to NAVSHIPSYSCOM equipment are called 
ShipAlts. 


Ship Armament Inventory List (SAIL) 


The Ship Armament Inventory List (SAIL) 
is a list which indicates a ship’s Ordnance 
inventory and OrdAlt status. This document is 
-he primary vehicle used to define hardware 
configuration and is used to assemble PMS 
cackages for ordnance equipment. If the SAIL 
s not kept current the probability that the 
ship will receive an accurate package is low. 
2ach ship has two copies of the SAIL. Prior to 
i scheduled overhaul, one copy should be annotated 
rtth OrdAlts that have been completed since the 
ast printing; this copy is sent to NANORDSYSCOM 
leven months prior to the schedule availability, 
rhe other copy is kept on board. Revised copies 
if the SAIL will be sent to each ship before 
iverhaul. After completion of overhaul, annotate 
tie SAIL to indicate all changes, deletions, 
dditions, and corrections and forward a copy 
3 NAVORDSYSCOM. Changes made at other times 
re reported on Ship Armament Inventory List 
SAIL) Change Report, NAVORD Form 8000/2. 
IAVORDSYSCOM again revises the SAIL to 
ticlude the changes made at overhaul. When you 
eceive the revised SAIL, destroy the previous 
ne. 


OAR Program 

The OrdAlt Accomplishment Requirement 
(OAR) is a list issued by NAVORDSYSCOM, as 
NAVORD Form 8000/3, about six months prior to 
overhaul of a ship. It shows the OrdAlts in the 
order of priority of accomplishment, the esti¬ 
mated manhours required for accomplishment, 
and the estimated cost of each. Within two weeks of 
receipt of the OAR list, shipboard personnel 
will notify NAVORDSYSCOM and the overhaul 
activity of the following: 

1. OrdAlt material on board. 

2. OrdAlt material on order but not on board. 

3. When applicable, special conditions that 
may exist to warrant installation of conditional 
OrdAlts. 

4. OrdAlts planned for ship’s force 
accomplishment prior to completion of the over¬ 
haul period. Shipboard personnel should refrain 
from requisitioning material for any OrdAlt 
included on the OAR list unless ship’s force 
accomplishment is planned. NAVORDSYSCOM and 
the overhaul activity should be notified of any 
changes that occur which affect the original 
report. 

Upon receipt of the OAR list and the ship’s 
report of OrdAlt material on board, the overhaul 
activity will order those OrdAlts to be accomp¬ 
lished during the overhaul period. 

OrdAlt Assistance 

OrdAlt kits for SMS equipment are procured 
and distributed under the control of the Naval 
Ship Weapon Systems Engineering Station 
(NSWSES). When feasible, SMS ships are brought 
to a particular OrdAlt configuration during a 
Repair Availability (RAV) or shipyard overhaul; 
period. This is sometimes referred to as “Block 
OrdAlting’ ’. During these periods, Naval Ordnance 
System Support Office (NOSSO) may send OrdAlt 
verification teams aboard your ship to assist 
you in determining your ship’s OrdAlt status/ 
OrdAlt requirements. These teams are made up 
of men who are “OrdAlt experts” and they come 
aboard ship to assist you. 

CHANGES TO THE PUBLICATIONS 

NAVORDSYSCOM is continuously reviewing 
its publications to keep them up to date. A vast 
amount of data on the operation, performance 
testing, and maintenance of ordnance equipment 
is received and processed by NAVORDSYSCOM. 
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When new methods are developed after a pub¬ 
lication has been issued, a change to the pub¬ 
lication is issued. 

No longer are pen and ink changes made to 
Ordnance Publications. An entire page or section 
of the publication is changed with change pages 
provided, along with a change guide. 

Changes to a publication are numbered con¬ 
secutively and should be made in that order. 
When the changes to a publication become too 
extensive, a revised edition is issued. The 
indexes of ordnance publications list the latest 
revision and the number of changes to each 
publication. 

Types of Changes 

Message Changes (MC) are issued when ur¬ 
gently required with respect to hazard type 
problems. They are concerned with such subjects 
as personnel, equipment, and ammunition. Mes¬ 
sage Changes provide NAVORDSYSCOM with the 
means of rapidly disseminating urgent change 
information. If you come in contact with this type 
of change, recognize the fact that they point to 
hazardous conditions, and expidite their pro¬ 
mulgation. 

Formal Changes (CH) are formal replacement 
pages to technical manuals issued to cover 
configuration changes (OrdAlts and ShipAlts). 
They will incorporate improvements or an accum¬ 
ulation of corrections including all outstanding 
MCs, SMS technical bulletins, and action resulting 
from deficiency feedback procedures. 

A change guide provides detailed step-by-step 
instructions for accomplishing a change. If you 
become involved in updating ordnance publica¬ 
tions, accomplish changes as rapidly as possible 
and carefully follow the instructions of the 
change guide. 

OTHER PUBLICATIONS 

There are some NAVSHIPSYSCOM publica¬ 
tions (called NAVSHIPS publications) which are 
of interest to the FTM. Two such publications 
are NAVSHIPSYSCOM Technical Munuals and 
the Electronics Installation and Maintenance 
Books. 

NAVSHIPSYSCOM Technical Manual 

The NAVSHIPSYSCOM Technical Manual con¬ 
tains data and instructions pertaining to classes 
of installed machinery and equipment. The data 
is in accordance with what is considered the 


best engineering practice for the operation* 
maintenance testing, and safety of the equipment. 
Since the information deals with classes of equips 
ment, it is general information and can provide 
you with background information that is supple^ 
mentary to the data contained in the equipments 
OP or OD. 

The chapters in the “Tech Manual” on elec¬ 
trical and electronic equipment and installations 
will be of particular interest to you. 

Electronics Installation 
and Maintenance Books 

The Electronics Installation and Maintenance 
Books are published by NAVSHIPSYSCOM to 
provide subordinate policies, and installation 
and maintenance information standards for naval 
electronic equipment. The books are intended to 
reduce time consuming research on electronic 
equipment and circuit theory, and contains & 
great deal of information of interest to the 
FTM. The books are divided into several volumes; 
each volume can be ordered as an individual 
item. 

CLASSIFIED PUBLICATIONS 

Many fire control publications are classified. 
Much of this material is in the confidential 
category. Generally, the responsibility for 
handling classified matter involes the receipt, 
accounting for, making changes to, and distri¬ 
bution of all such matter. 

Safeguarding Classified Matter 

The security of the United States in general, 
and of naval operations in particular, depends 
in part upon the success attained in the safe¬ 
guarding of classified information. Security is 
not a separate burden to be imposed on personnel, 
but an integral part of the routine duties per¬ 
formed by personnel. The ideal to be sougjht 
by all personnel is that they automatically ex¬ 
ercise proper discretion in the discharge of 
their duties and do not think of security of 
information as something separate and apart 
from other things. In this way, security of 
classified information becomes a natural element 
and poses no additional burden. 

You will find some basic information on 
security in chapter 7 of Military Requirements 
for Petty Officer 3&2, NAVPERS 10056-C. 

The basic instructions on all classified matters 
are found in DOD 5200.1, “Information Security 
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Program Regulation(DODISPR).” The Department 
of the Navy issued a “Department of the Navy 
Supplement to the DOD Information Security 
Program Regulation,*’ OPNAVINST 5510.1. This 
instruction supplements (DODISPR), DOD 5200.1, 
hy providing necessary instructions and policy 
guidance applicable to the Department of the 
Navy. In addition OPNAVNOTE 5510 “Security 
Information” has been issued to inform commands 
of current developments relating to security 
policy. You should become familiar with these 
publications and use them as the authoritative 
source of reference wherever a question of 
security arises. 

SHIP’S PLAN INDEX 

The plans and diagrams of the fire control 
equipment are the road maps of maintenance. 
Generally speaking, there are two basic sources 
of this type of information - the Ship’s Plan 
Index and the NAVORDSYSCOM ordnance 
drawings. The Ship’s Plan Index (S.P.I.) is pre¬ 
prepared by the shipbuilding yard and is normally 
maintained aboard ship by the Engineering Office. 
The S.P.I. lists the wiring diagrams of fire control 
circuits, and the general arrangement and 
installation plans of the fire control equipment 
for your ship. The list does not include diagrams 
of the equipment’s internal arrangements and 
electrical circuits. The NAVORDSYSCOM pub¬ 
lications of ordnance drawings deal with the 
internal diagrams. 

ORDNANCE DRAWINGS 

A master list of drawings is prepared for 
each major piece of ordnance equipment. This 
list includes all components of the equipment. 
Each component is itemized by assemblies, 
subassemblies, and details on a separate list of 
drawing (LD). 

The identifying number for each component 
LD is given, together with the general arrangement 
drawing number, on the master list of drawings 
for the equipment. Each component list of drawings 
also shows the special tools required for ser¬ 
vicing that component. By reference to the list 
of drawings and the drawings for the mark and 
mod of a given assembly or subassembly, it is 
possible to work down to an individual part and 
to identify the correct nomenclature, drawing, 
piece number, design dimensions, tolerances, 
and all other necessary information. 

How to read and interpret wiring diagrams 
and drawings is covered in the basic course, 


Blueprint Reading and Sketching, NavPers 
10077-C. 

ACCEPTANCE DATA 

The ship’s acceptance tests which were run 
when the equipment was installed, together with 
the factory acceptance test, constitute a criterion 
for evaluating subsequent tests and performance 
of the equipment. The ship’s acceptance test 
results should be recorded so as to be available 
for convenient future reference. 


SUPPLIES 

Although the supply department is responsible 
for supplies, you need to know how to identify 
what you want to get, how to write out the 
request, and how to report on your use of the 
supplies. The publications containing the stock 
numbers are maintained in the supply depart¬ 
ment. Cooperation with supply personnel is 
essential in accomplishing your own duties. 

SUPPLY DUTIES OF THE FTM 

Small quantities of supplies are kept in the 
weapons department and within the divisions of 
the weapons department. These are usually fre¬ 
quently used small repair parts. As the mate¬ 
rials are used, the FTM in charge of the supplies 
must make replacements. He has to know how 
to fill out the request form that he takes to the 
supply department to requisition supplies. These 
forms are illustrated and explained in Military 
Requirements for Petty Officer 3&2, NAVPERS 
10056-C. The same text gives you information 
on sources of identification numbers for materials 
and spare parts. The Federal Stock Number 
(FSN) is the most important identification number. 
All the FSNs are given in the Federal Supply 
Catalogs, but you may not have to use those 
to look up a number because the FSN for your 
equipment is usually given in several other 
sources. One of these is the COSAL, also des¬ 
cribed and illustrated in the above text, although 
no ordnance or weapons sections are shown. 

COSAL AND WHAT IT MEANS 

The Coordinated Shipboard Allowance List 
(COSAL) is the list of all operating equipment 
and equipage aboard a particular ship. Although 
the segments of the COSAL illustrated in your 
military requirements text are not ordnance 
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items (except some propellants in the alphabetical 
listings), they show you the format of the COSAL. 
The ordnance segment uses the same arrangement 
Df information. It has three parts. Part 1 lists 
the ordnance equipment and the major components, 
and gives the component identification numbers. 
Part 2 lists the parts allowed for the ship. 
The quantity of each and the Federal Stock 
Number is given. Anything listed in Part 2 is 
available aboard ship. Part 3 of the COSAL is 
the final authorized on-board allowance quantity 
for a repair part. This is of most use to the 
Storekeeper. Items that are common to more 
than one department are totaled in this section. 
For example, a particular type of switch may be 
used in various applications on the ship. Part 3 
of the COSAL will tell how many are to be on 
board and how many are allotted to each depart¬ 
ment. For a more detailed explanation of COSAL 
and how it is used, refer to Military Requirements 
for Petty Officer 3&2, NAVPERS 10056-C. 

SOURCES OF ORDNANCE IDENTIFICATION 

The publications most often used to identify 
ordnance material are: 

1. The ordnance parts of the Federal Supply 
Catalog for identifying repair parts for requi¬ 
sitioning. 

2. Illustrated Parts Breakdown of Ordnance 
Equipment (IPB). This publication is prepared by 
Ships Parts Control Center (SPCC). Each IPB 
is published for one particular type or piece 
of equipment, and describes and illustrates the 
relationship of all assemblies and parts compris¬ 
ing the equipment. IPB 0000 is an index of 
all IPBs. 

3. Coordinated Shipboard Allowance List 
(COSAL), which was previously discussed. 

One of the most important sources of identi¬ 
fication is the information on nameplates. This 
may include the manufactures’s name, make or 
model number, size, voltage, and like information. 
Identification publications such as manufacture’s 
technical manuals may help you in identifying 
an item. 

ORDNANCE IDENTIFICATION DATA 

Ordnance identification data is important in 
identifying ordnance items. They should be used 
on all requests for material if the stock number 
is not available. This data includes: 

The MARK NUMBER, which identifies the 
particular model of a certain type of ordnance 
equipment. 


A MODIFICATION NUMBER (Mod), which 
indicates a modification of the basic mark number. 
Modifications are numbered serially, beginning 
with zero, for each separate mark. 

An IDENTIFYING NUMBER, which is the 
number assigned to the blueprint plan of an 
ordnance component or assembly. It may be a 
drawing number, a list of drawing numbers (LD), 
a sketch number, or an assembly number. 

A PIECE NUMBER, which is a subdivision 
of the drawing number and identifies by a serial 
designation every item appearing on a given 
drawing. Sometimes the drawing and piece 
numbers are stamped or etched on the part 
itself. Piece numbers are rarely used in later 
type ordnance assembly drawings. It is now 
standard practice that each item in a drawing 
will have its own separate drawing number. 

A revision letter is often added to identify 
a particular revision of a drawing or list of 
drawings used in the manufacture of a part. 

MANDATORY TURN-IN REPAIRABLES 

Since you will no doubt encounter the terms 
“mandatory turn-ins” and “repairables’* in the 
process of obtaining replacement parts from 
supply, it will be helpful if you understand the 
purpose of the program and your responsibilities 
to it. 

When any of your equipment fails, your 
primary concern is to locate the trouble, correct 
it,' and get the equipment “back on the line.” 
In most instances this involves tracing the trouble 
to a defective part, obtaining the replacement 
part from the supply storeroom and installing 
it, and throwing away the defective part. When 
the defective part is expensive and repairable, 
we encounter the repairabies program. 

A large number of parts can be economically 
repaired when they fail. This results in savings 
of dollars and time since it is quicker and 
cheaper to repair an item than to contract for 
and buy a new one —provided that the old item 
is promptly returned in repairable condition. 
For the program to work as intended, you and 
others have certain responsibilities. At the time 
your request for a mandatory turn-in item is 
presented to supply, they must inform you that 
the item is to be returned. At this point your 
responsibilities begin. You must: 

• Remove the defective part without damaging 
it. 

• Provide adequate protection to the part so 
that it will not be further damaged before it is 
turned in to supply. The most effective way, 
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SET OR EQUIPMENT INDICATOR LETTERS 


AN / U R D 


4 


A X 


"AN" SYSTEM 



INSTALLATION 


WHERE WHAT WHAT 
IT IS IT IS IT DOES 

TYPE OF 
EQUIPMENT 


MODEL MOD. MISC. 
NO. LETTER I DENT. 



PURPOSE 


A--AIRBORNE (INSTALLED AND 
OPERATED IN AIRCRAFT). 

B-- UNDERWATER MOBILE, SUB¬ 
MARINE. 

C--AIR TRANSPORTABLE (IN- 
ACTIVATED, DO NOT USE). 

D •• PILOTLESS CARRIER. 

F» FIXED. 

C--CROUND, GENERAL GROUND 
USE (INCLUDES TWO OR 
MORE GROUND-TYPE IN¬ 
STALLATIONS). 

K — AMPHIBIOUS. 

M-GROUND, MOBILE (INSTALL¬ 
ED AS OPERATING UNIT IN 
A VEHICLE WHICH HAS NO 
FUNCTION OTHER THAN 
TRANSPORTING THE EQUIP¬ 
MENT). 

P-PACK OR PORTABLE (ANI¬ 
MAL OR MAN). 

S-WATER SURFACE CRAFT. 

T — GROUND, TRANSPORTABLE. 

U-GENERAL UTILITY (IN- 

CLUDES TWO OR MORE GEN¬ 
ERAL INSTALLATION 
CLASSES. AIRBORNE, SHIP¬ 
BOARD, AND GROUND). 

V —GROUND, VEHICULAR (IN¬ 
STALLED IN VEHICLE DE- 
SIGNED FOR FUNCTIONS 
OTHER THAN CARRYING 
ELECTRONIC EQUIPMENT, 
ETC., SUCH AS TANKS). 

W —WATER SURFACE AND 
UNDERWATER. 


A -* INVISIBLE LIGHT, HEAT 
RADIATION. 

B--PIGEON.' 

C--CARRIER. 

D--RADIAC. 

E--NUPAC. 

F--PHOTOGRAPHIC.' 

G— TELEGRAPH OR TELE¬ 
TYPE. 

I• • INTERPHONE AND PUBLIC 
ADDRESS. 

J--ELECTROMECHANICAL OR 
INERTIAL WIRE COVERED. 

K--TELEMETERING. 

L -- COUNTSRMEASURES. 

M •• METEOROLOGICAL. 

N--SOUND IN AIR. 

P •• RADAR. 

Q--SONAR AND UNDERWATER 
SOUND. 

R -• RADIO 

S --SPECIAL TYPES, MAGNET¬ 
IC, ETC., OR COMBINA¬ 
TIONS OF TYPES. 

T TELEPHONE (WIRE). 

V•• VISUAL AND VISIBLE 
LIGHT. 

W--ARMAMENT (PECULIAR TO 
ARMAMENT, NOT OTHER¬ 
WISE COVERED). 

X--FACSIMILE OR TELEVISION. 

Y - - DATA PROCESSING. 


A--AUXILIARY ASSEMBLIES 
(NOT COMPLETE OPER¬ 
ATING SETS USED WITH 
OR PART OF TWO OR MORE 
SETS OR SETS SERIES). 

B •• BOMBING. 

C--COMMUNICATIONS (RE¬ 
CEIVING AND TRANS¬ 
MITTING). 

©-•DIRECTION FINDER, RE¬ 
CONNAISSANCE, AND/OR 
SURVEILLANCE. 

E--EJECTION AND/OR RE¬ 
LEASE. 

G--FIRE-CONTROL OR 

SEARCHLIGHT DIRECTING. 

H--RECORDING AND/OR RE¬ 
PRODUCING (GRAPHIC 
METEOROLOGICAL AND 
SOUND). 

K--COMPUTING. 

L--SEARCHLIGHT CONTROL 
(INACTIVATED, USE G). 

M--MAINTENANCE AND TEST 
ASSEMBLIES (INCLUDING 
TOOLS). 

N--NAVIGATIONAL AIDS (IN¬ 
CLUDING ALTIMETERS, 
BEACONS, COMPASSES, 
RACONS, DEPTH SOUND¬ 
ING, APPROACH, AND 
LANDING). 


P-REPRODUCING (INACTI¬ 
VATED. DO NOT USE). 

Q — SPECIAL, OR COMBINATION 
OF PURPOSES. 

R — RECEIVING, PASSIVE DE- 
TECTING. 

S — DETECTING AND/OR RANGE 
AND BEARING, SEARCH. 

T--TRANSMITTING. 

W- -AUTOMATIC FLIGHT OR RE¬ 
MOTE CONTROL. 

X--IDENTIFICATION AND 
RECOGNITION. 


'not FOR US USE EXCEPT FOR ASSIGNING SUFFIX LETTERS TO PREVIOUSLY NOMENCLATURED ITEMS. 


Figure 13-2.—AN system. 


20.484 


505 


Digitized by t^ooQle 



FIRE CONTROL TECHNICIAN (M) 3 & 2 


for all concerned, is to place the defective part 
in the same container in which you received the 
replacement part. 

• Resist the temptation to cannibalize the 
part for components which you might possibly 
use sometime in the future. 

• Return the defective part to supply as soon 
as practicable. 

When the required part is not in the storeroom, 
supply must then take appropriate action to 
obtain it. The failed part must still be returned 
and should be turned in prior to receiving the 
replacement part. This way the failed part can 
enter the repair cycle and be available for 
reissue that much sooner. The only exception 
should be when the failed part will permit 
limited or reduced operation of an equipment 
until the replacement is received. 

“AN” NOMENCLATURE SYSTEM 

The AN nomenclature, figure 13-2, was de¬ 
signed so that a common designation could be 


used for Army, Navy, and Air Force equipment. 
The system indicator AN does not mean that 
the Army, Navy, and Air Force use the equipment, 
but means that the type number was assigned 
in the AN system. 

AN nomenclature is assigned to complete 
sets of equipment and major components of 
military design; groups of articles of either 
commercial or military design which are grouped 
for military purposes; major articles of military 
design which are not part of or used with a 
set; and commercial articles when nomenclature 
will not faciliate military identification and/or 
procedures. 

AN nomenclature is not assigned to articles 
cataloged commercially except as stated above; 
minor components of military design for which 
other adequate means of identification are avail¬ 
able; small parts such as capacitors and re¬ 
sistors; and articles having other adequate 
identification in joint military specifications. 
Nomenclature assignments remain unchanged re¬ 
gardless of later changes in installation and/or 
application. 
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TROUBLE ISOLATION AND GENERAL MAINTENANCE 


INTRODUCTION 

The effectiveness of your equipment depends 
largely upon the care and attention you give it. 
An improperly adjusted computer, for example, 
can reduce the accuracy of a perfectly aligned 
missile battery. 

The work you perform on equipment falls into 
two broad categories: (1) actions you take to re¬ 
duce or eliminate failure and prolong the useful 
life of your equipment, and (2) actions you take 
when a part or component has failed and the 
equipment is out of service. Therefore, we can 
think of the whole business of general mainte¬ 
nance as consisting of PREVENTIVE mainte¬ 
nance and CORRECTIVE maintenance. 

In maintenance work of any type, you must use 
knowledge and skills of two fundamental kinds. 
First, you must have SPECIFIC information 
which applies only to the particular system or 
equipment which you may be called upon to repair 
or keep in good conidtion. Secondly, you must 
possess and use certain GENERAL skills and 
knowledge which apply to many kinds of equipment 
and to many types of work assignments. 

The specific information required consists of 
special procedures and processes, and detailed 
step-by-step directions approved by the proper 
authority and recommended for a particular 
system or equipment. This detailed information 
is supplied in the system and equipment Ordnance 
Pamphlets (OPs) of the missile system you are 
assigned to. 

Due to the complexity of Surface Missile 
System (SMS) equipment and the magnitude of 
SMS maintenance requirements, it would be 
impractical for this chapter to detail step-by-step 
procedures for specific ' maintenance actions. 
Besides, this information is readily available on 
Maintenance Requirement Cards. The mechanics 


of SMS maintenance procedures and trouble 
isolation will, however, be discussed. Many of 
the troubleshooting aids that have been developed 
will be highlighted so that you can take part 
in an effective maintenance program. 

General maintenance techniques will also 
be discussed. Emphasis will be placed on those 
skills and procedures which are applicable in 
all shipboard maintenance programs. The general 
maintenance skills and procedures are based 
on knowledge which is not contained in system 
or equipment OP’s but must be learned on the 
job and from rate training manuals. 

The final part of this chapter will be devoted 
to maintenance safety precautions. Again, the 
discussion will be of a general nature. As you 
know, specific safety precautions are listed on 
every Maintenance Requirement Card where there 
is a possibility of hazardous conditions 
developing. 

PREVENTIVE MAINTENANCE 

Maintenance performed to prevent the likeli¬ 
hood of future troubles or malfunctions is usually 
referred to as preventive maintenance. This 
form of maintenance consists mainly of visual 
checks of the equipment prior to and during op¬ 
eration, cleaning the equipment, and the various 
components therein, lubricating, and the periodic 
inspections. 

Visual Checks 

Equipment should be checked visually for 
loose leads, improper connections, damaged or 
broken components, etc., prior to applying power 
to the equipment. This applies particularly to 
new equipment, equipment returned from over¬ 
haul, equipment which has been preserved or 
stored for long periods of time, and equipment 
which has been exposed to the weather. A close 
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visual inspection should also be conducted on 
O-rings, gaskets, and other type seals when the 
equipment under check is a pressurized com¬ 
ponent. This visual inspection will often reveal 
discrepancies that may be corrected at that 
time with a minimum amount of labor and parts. 
Such discrepancies, if left uncorrected, might 
result in a major maintenance problem. 

Cleaning 

Cleaning the equipment and the various 
components consists of removing dust, grease, 
and other foreign matter from the covers, chassis, 
and operating parts. This includes the removal 
of corrosion, fungus, and all other types of 
matter which could cause operating failure of 
the equipment. The methods used to clean the 
various parts and units will vary, but usually 
a vacuum cleaner is used to remove the loose 
dust and foreign matter. The remainder is then 
wiped or removed with a clean lint-free cloth. 

If it is necessary to remove grease or other 
petroleum deposits, the cloth may be moistened 
with alcohol or drycleaning solvent. After re¬ 
moving the grease, the part should be wiped dry, 
or allowed to dry by evaporation prior to apply¬ 
ing power. 

Lubrication 

Lubrication of electronic equipment consists 
of lubricating the mechanical parts which are 
associated with the electronic equipment. Equip¬ 
ment which may need periodic lubrication, such 
as unsealed bearings, antenna drives, waveguide 
rotating joints, etc., should be lubricated as 
directed by the equipment’s Maintenance Instruc¬ 
tions Manual. The specification number of a 
lubricant should be strictly followed, as the 
viscosity of a lubricant will change with a change 
in operating temperature. High operating tem¬ 
peratures cause lubricants to become thin, while 
low operating temperatures cause lubricants 
to thicken. 

CORRECTIVE MAINTENANCE 

When defective parts or unsatisfactory op¬ 
eration have been revealed, it is necessary to 
analyze the equipment, find the defective part 
or parts, and make the appropriate replacement 
or repair. In general, the most effective method 
for this analysis is a careful and logical step- 
by-step troubleshooting procedure. 


BASIC MAINTENANCE PROGRAM 

Preventive maintenance, then, consists of the 
care, upkeep, and minor repairs and adjustments 
performed by the technician to ensure the best 
condition of his equipment and to reduce the 
chance of sudden equipment failure or malfunc¬ 
tion. Preventive maintenance aboard SMS ships 
is accomplished by means of scheduled system 
and equipment performance tests, scheduled ser¬ 
vicing procedures, and careful observation of 
system/equipment performance during periods 
of operation. 

When preventive maintenance or performance 
checks reveal that a casualty or malfunction 
exists in a system or equipment, some form of 
corrective maintenance includes those actions 
required to restore fire control equipment to 
its designed capabilities or efficiency. This in¬ 
cludes the repair of damage caused by wear, 
accident, or other cause. 


PLANNED MAINTENANCE 

Planned maintenance is based on the principle 
that readiness can be determined through testing, 
and thoroughness can be assured by proper 
scheduling. This maintenance program is known 
as the Planned Maintenance System/Surface Mis¬ 
sile Systems (PMS/SMS), and is incorporated in 
your Weapons System OP’s and equipment OP’s. 

SYSTEM UPKEEP 

Some maintenance tests are conducted on 
a system level, and if a fault appears, PMS/SMS 
troubleshooting material provides a means for 
spanning the gap from test to a positive and rapid 
identification of the individual equipment causing 
the trouble. 

PMS/SMS also provides rapid procedures 
for locating faults in the system and recom¬ 
mends methods and procedures for necessary 
corrective maintenance. PMS/SMS is designed 
so that highly skilled, experienced technicians 
can share the workload with lesser skilled 
personnel. Along with this, it has established 
that important tasks be grouped as scheduled 
maintenance events. 

To see the value of system level testing, let’s 
suppose that a misalignment exists between two 
sets of equipment such as the search and fire 
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control radars. Individual equipment tests would 
jrobably indicate that both radars were operating 
satisfactorily. In actual operation, however, the 
'ire control radar would be unable to acquire the 
argets disclosed by the search radar due to the 
nisalignment. System level testing, however, 
vouldconsider one equipment’s performance with 
•aspect to another’s and provide you with the 
neans of determining the alignment problem. 

Those individual circuits and system modes 
rtiich cannot be conveniently checked in the DSOT 
ire evaluated by conducting supplemental system 
ests and equipment tests. These, plus the stand- 
ird servicing procedures, are also listed as 
icheduled maintenance events. PMS/SMS requires 
he scheduling of these test and maintenance 
asks into the ship’s operating schedule according 
o an established management plan. Scheduled 
ests of all elements of missile systems are 
onducted often enough to assure acceptable 
erformance, and yet no more often than neces- 
ary. Requirements for test frequencies have 
•een designed for the minimum testing which 
s statistically necessary for material readi- 
ess. The PMS/SMS philosophy has eliminated 
vertesting, has substantially relieved the ex- 
ess workload imposed on technical personnel, 
nd reduced unnecessary wear on equipment, 
’he predetermined frequencies of testing and 
ther maintenance tasks have been prepared in 
ccordance with CNO’s Planned Maintenance 
ystem. These schedules are an integral part 
f the Planned Maintenance System. 

The maintenance events are arranged by the 
hip’s Weapons Officer to fit the ship’s operating 
rogram. This allows the appropriate main- 
snance procedures to be continued whether the 
hip is at the dock or at sea. The primary reason 
)r conducting the tests is to determine the 
perability of the weapons system. If a response 
tould indicate a fault which prevents the system 
■om operating at the required degree of com- 
it readiness, PMS/SMS troubleshoooting docu- 
«nts are consulted. These documents are lo¬ 
afed by keys in the test procedures, and will 
°t only lead to the exact location of trouble 
1 the shortest possible time but they will also 
Pacify the corrective measures. The documents 
^present the most advanced methods of mis- 
le system troubleshooting techniques. 

QUIPMENT UPKEEP 

The equipment level maintenance tests are 
°ntained in the equipment PMS/SMS OP’s. There 


is a separate OP for each major equipment. 
It contains equipment description and operating 
procedures, PMS/SMS scheduled or preventive 
maintenance, maintenance turn-on procedures and 
the equipment troubleshooting material. These 
equipment OP’s have been specifically created 
as part of PMS/SMS to quickly isolate items 
of faulty equipment. Direct referral to the 
troubleshooting section is from system fault 
directories and diagrams and from the equip¬ 
ment turn-on procedures and troubleshooting 
index. 

Equipment troubleshooting aids include both 
summary and detailed pyramids (fig. 14-1). 
These pyramids are a display of an output 
function from output to source. The primary 
pyramid is a condensed version which is pre¬ 
pared to provide guidance when an unusually 
large or complex detailed pyramid is required. 
Signal flow diagrams (fig. 14-2) aid in equipment 
troubleshooting by displaying module to module 
functions from output to source. They show all 
testable points with values and tolerances plus 
adjustable components and appropriate notes 
for use. Relay ladder diagrams (fig. 14-3) show 
an arrangement of relay coils which display the 
energizing path from the energizing voltage to 
common return with all switches, terminal con¬ 
nections, and contacts to other relays in the 
path. Power distribution diagrams (fig. 14-4) 
are used to locate power failure and trace it 
to a specific circuit element. These diagrams 
illustrate the chassis-to-chassis distribution of 
each internally developed voltage back to the 
primary voltage interface. 

All of these troubleshooting aids may be used 
jointly with the actual schematic drawing to trace 
and correct faulty equipment affecting overall 
performance. 


EQUIPMENT MAINTENANCE 

Even though you, as an FTM 3 or FTM 2, 
will be an active participant in system main¬ 
tenance procedures, your participation will nor¬ 
mally be limited to the equipment area to which 
you are assigned. Therefore, it is mandatory 
that you become familiar with the details of 
equipment maintenance procedures. You will 
study maintenance procedures, at the systems 
level, when you are preparing yourself for 
first class and chief. 
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Figure 14-1. — Pyramid diagrams. 


TROUBLE ISOLATION 


You equipment OP contains the following 
maintenance troubleshooting documents: 

1. Troubleshooting index 

2. Maintenance turn-on procedure 

3. Signal flow diagrams 

4. Summary and detail pyramids 

5. Relay ladder diagrams 

6. Power distribution diagrams 

7. Schematic diagrams 


These documents will provide you with the 
detailed step-by-step procedures that you will 
follow when isolating a casualty to a specific 
component or an area within the equipment. 


Troubleshooting Index 

The Troubleshooting Index contains an alpha¬ 
betical listing of the equipment outputs cross 
indexed to an associated signal flow diagram, 
pyramid diagram, or other reference diagram. 

An equipment output is defined as any£flyfg[ 
put signal from the equipment to 
equipment of the fire control system.. 
equipment, this will include the inputSaU^^^H 
control console displays and transmitton^^^^l 
(radiated RF energy). Where appropz 
control symbols are listed for . jhj 
equipment outputs. • 

•nr“ 

If you observe an equipment me 
during normal individual equipment ^ 
you can use the troubleshooting indejMgn^^l 
sociate the malfunction with a particula^ggipP 
ment output. After you have determiiy$gfll|ijjp 
correct output function, the troubleshooting Index 
will refer you to the appropriate troubleshooting 
document, signal flow diagrams, pyramid, etc. 
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Figure 14-2. — Signal flow diagrams. 


In a few instances, you may not be able to 
sociate the malfunction with an equipment out- 
t. If not, you will have to scan the pyramid 
igrams to find the applicable diagram. As 
u gain experience in the use of the pyramid 
igrams, you will become familiar with the 
Jation of the various functional groups on the 
igrams. 

lintenance Turn-On Procedure 

The maintenance turn-on procedure is a 
tailed and illustrated step-by-step procedure 


for energizing an equipment from a power-off 
condition through operate. The procedure out¬ 
lines a recommended turn-on technique whereby 
a systematic evaluation of all below decks moni¬ 
toring devices which are indicative of equipment 
operability (indicator lamps, panel meters, fuse 
indicators, etc.) is made by visual monitoring 
at a time and in a sequence which is intended to: 

1. Pinpoint improper equipment operation to 
specified functions rather than general failures. 

2. Make the most efficient and effective 
utilization of the equipment operator “Wait 
Time” which must be expended because of built- 
in equipment time delays; e.g., Off-Standby and 
Standby-Operate. 



167.147 

Figure 14-4.— Power distribution diagrams. 



167.146 

Figure 14-3. — Relay ladder diagrams. 


During the turn-on, all below deck indicator 
readings and switch positions are specified. The 
procedure text is supported by illustrated photo¬ 
graphs which show the location of each indicator 
and switch. 

It is recommended that equipment operators 
become familiar with the maintenance turn-on 
procedure and that the procedure be used: 

1. Whenever the equipment is turned on, or 
energized from a lower to higher level of oper¬ 
ability; e.g., Standby to Operate. 

2. As a training aid for new operators. 

3. As an operator/technician troubleshooting 
aid for localization of on-line or off-line equip¬ 
ment failures to offending functions and as a key- 
in to the appropriate troubleshooting document. 
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Signal Flow Diagrams 

Signal flow diagrams are schematic-block 
diagram type drawings which collectively depict 
the function/circuit relationship of all equip¬ 
ment outputs to the weapon system. For radar 
equipment, this will include outputs (scope dis¬ 
plays) to the operator and outputs (RF trans¬ 
missions) to the selected target. These drawings 
are intended for use as training aids as well 
as troubleshooting documents. All signal flow 
diagrams are drawn for a specified dynamic 
operating condition, e.g., guidance mode. These 
conditions are outlined under the heading GEN¬ 
ERAL NOTES, on page one of each drawing. All 
subfunction specifications conform to these dy¬ 
namic conditions. The signal flow diagrams are 
somewhat limited in their use as troubleshooting 
aids since they show normal operation parameters 
and do not show parameters which would be 
obtained under troubleshooting test conditions. 

Signal flow diagrams (fig. 14-2) are titled 
with a selected output function (selected be¬ 
cause it covers the greatest amount of equip¬ 
ment circuitry). Where the selected output func¬ 
tion has a multimode characteristic, it is so 
designated in the drawing title. The main signal 
development path, outlined by heavy lines, is 
shown in the primary equipment mode of use. 

The path of main signal flow is, with minor 
exceptions such as feedback loops, from left 
to right on each drawing page with the primary 
output appearing at the right edge of page one. 
Auxiliary outputs appear near the right edge 
of the page on which their interface circuitry 
is shown. The signal flow path is shown to 
equipment output interface on page one from 
equipment input interface or source circuit. 

The signal flow diagrams contain the follow¬ 
ing types of circuitry which develop the equip¬ 
ment output: 

1. All cabling and sliprings through which 
primary and supporting signals flow. 

2. Terminal boards, standoffs, and other 
tie points. 

3. Relay contacts, designated by contact num¬ 
bers, relay number and relay coil energizing 
voltage source or bus name. All relay contacts 
are shown in their deenergized state. Reference 
should be made to the relay ladder diagram to 
trace out energization paths of relay coils 
not shown. 



4. All coils of relays which are energized by 
signal flow. 

5. All chassis test jacks, designated; 
number, signal name and a specified tel 
value. 

6. All electrical circuits which conjt 

to the development of the output fun< 
shown in block type boxes which have 
titles and which call out major electrical, 
ponents. The circuits have been organized^ 
named by generally accepted equipment tei 
nology, so that the technician may readily follow 
the signal development. i, 

7. Built-in meters and lamp indicators 
monitor operation of circuits are illustri 
appropriate circuit symbols above or to the?§ 
of the signal path. An arrow designates j 
electrical point at which the meter or 
indicator is monitoring circuit operation, 
some cases, meter and lamp circuits are shown' 
directly on signal flow diagrams. 

8. All adjustments of potentiometers, tunable, 

coils, capacitors, etc., which affect the sign§j| 
being traced. , ^ 

9. Miscellaneous components-resistors, cty 
pacitors, etc., which cannot be functionally* 
grouped as in item 6, but are essential to 
development, are shown. 



All circuits which affect the signal bei, 
traced and which are not shown on the 
flow diagram are referenced to drawings 
which they are illustrated in detail. This cros 
referencing includes: 


1. References to power distribution diagrs 


2. References to other signal flow diagri 
Circuitry which is common to more than 
output function is covered on one signal 
drawing and referenced on all affected sig 
flow diagrams. 


3. References to associated detail pyrarilij 
At those test jacks where, under the 
operating conditions specified no meaningful H 
can be obtained, references are made 
appropriate detail pyramid by figure nt 


4. Specific references to the relay 
diagrams for operation of relays which 
illustrated on the signal flow diagram, 
cation of the energizing circuit path for*.'; 
may be found by locating the relay in the* 
ladder index using the relay number and* 
designation shown on the signal flow dii 
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Use of Signal Flow Diagrams. Signal flow 
iagrams are especially useful in tracking sig- 
Q continuity between functional circuits. The 
Dmplete signal path is traced on one diagram 
irough below-deck and above-deck cabling, 
Springs, cabinet backboards, connectors, and 
dividual units. This characteristic of signal 
ow diagrams makes them useful in trouble- 
looting power supply overloads, open inter- 
cks, cable failures, and loose connections. 

The signal flow diagrams are the only docu- 
ents which depict the complete functional cir- 
litry from source to output of those equipment 
itputs which utilize only a few relatively simple 
rcuits for their development. No pyramid dia- 
■ams were generated for these outputs and 
e signal flow diagrams should be used for 
oubleshooting this type of circuit. 

Properly used by personnel with a knowledge 

the basic equipment operational principles, 
s signal flow diagrams are a valuable ref¬ 
ence in understanding the functional operation 
the equipment. 

Tamid Diagrams 

Pyramid diagrams (fig. 14-1) are trouble- 
ooting tools which enable the technician to 
ice an equipment malfunction by starting with 

equipment output and progressively testing 
s subordinate functions which produce the 
iiipment output. Each pyramid diagram con- 
}ts of a set of tests arranged by functional 
pendency. The tests are contained in boxes 
i the boxes are connected by lines which 
licate their functional dependency. Within each 
t is the complete information required to de- 
mine a GO or NO-GO condition of a function, 
ere the number of test boxes is large and 
ny drawing sheets are required, the complete 
ctional dependency arrangement has been 
>wn on a summary pyramid. The summary 
'amid also serves as an index to the detail 
•amid by outlining with dotted lines the test 
dbs contained on each sheet of the detail 
•amid. Where applicable, any visual indica¬ 
te, called quick-looks, associated with a test 
: are highlighted by heavy lines on both 

summary and detail pyramid diagrams. The 
■angement of the test boxes by functional 
endency and the troubleshooting method as- 
l&ted with the pyramid diagrams provides a 
able yet complete troubleshooting procedure. 
Be each major equipment output has a separate 


pyramid diagram, the proper diagram can be 
quickly located. The “quick-look” feature pro¬ 
vides rapid evaluation of those visual indications 
which pertain to the particular output. A NO-GO 
indication in a “quick-look” will give the tech¬ 
nician rapid entry to a particular part of the 
pyramid diagram. Astroubleshootingprogresses, 
the experienced technician will be able to select 
the most likely of the several tests to perform 
from his observations of the previous test results. 
The less experienced technician will have pre¬ 
sented to him all the tests he should perform 
to locate the malfunction. 

The technician should use the summary 
pyramid diagram as an entry to the detail 
pyramid diagram. Troubleshooting begins by 
setting the equipment to the conditions speci¬ 
fied in the summary pyramid notes. These 
are the equipment conditions necessary for the 
“quick-looks” to be applicable. Entry to the 
detail pyramid diagram is made at the lowest 
level NO-GO “quick-look” indication. Where all 
“quick-look” indications are GO, entry is made 
at the apex box of the detail pyramid diagram. 

The general method of troubleshooting as¬ 
sociated with the detail pyramid diagram is one of 
successive testing from output to input. Testing 
proceeds by starting at the top of the diagram 
with the test described in the apex box, or at the 
entry box determined from the summary pyramid. 
A NO-GO test result requires performance of the 
tests in those boxes below and connected to the 
apex or entry box. When a NO-GO test result is 
obtained on that level, the technician proceeds 
at once to the next level of boxes connected be¬ 
neath the NO-GO box. When GO test results are 
obtained in all boxes below a NO-GO box, the 
trouble has been isolated. 

There are two types of notes appearing on the 
apron area of each detail pyramid diagram: GEN¬ 
ERAL and SPECIFIC. The general notes specify 
(1) the general operational conditions to which 
the equipment must be set to utilize the diagram 
as a troubleshooting tool, (2) the test equipment 
used in performing the pyramid box tests, 
and (3) any other instructions which are generally 
applicable to all pyramids and/or to the particular 
pyramid diagram. The test equipment is listed 
for the technician’s convenience so that he may 
assemble his equipment and have it readily 
available as it is needed. The other general 
notes employed are self-explanatory. 

The specific notes are referred to in individ¬ 
ual test boxes and explain detail test setup con¬ 
ditions and measurement techniques. The notes 
required on a particular pyramid page appear 
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on that page, unless two pages of notes are re¬ 
quired to support one pyramid page. 

The following paragraphs describe in detail 
the information contained within each test box 
and how it is to be used. The material in the 
test box appears in the following listed order: 

TITLE — The colloquial name of the function 
being tested. 

NUMBER —A number is assigned to each box 
to facilitate cross-referencing between sheets, 
to other pyramids, and from other PM.S/SMS 
documents. 

SAFETY NOTES—Where personnel safety 
may be endangered through performance of the 
test, the word WARNING appears at the top 
center of the box immediately under the title. 
If equipment safety may be endangered, the word 
CAUTION is inserted at the same location. When¬ 
ever this occurs, it is expected that the tech¬ 
nician will perform the test with care and as 
instructed. 

SETUP CONDITIONS—This material con¬ 
tains specific, step-by-step information for the 
performance of the test. Where the information 
in the general notes is sufficient, no additional 
information is included in this section. The 
information in the general notes always applies 
to each test, except as modified by the specific 
test setups in each box. 

TEST EQUIPMENT — The test equipment that 
is required to perform the test is called out 
by common name; e.g„ SPM-5, multimeter, 
recorder. The specific piece of test equipment 
with full nomenclature, model, etc., is called 
out in the general notes. In addition, when an 
oscilloscope is to be employed, the following 
setup data is supplied. 

1. Whether scope is to be synchronized in¬ 
ternally or externally. 

2. Polarity of synchronization. 

3. Location of sync signal by jack number, 
signal name, unit common name, and unit desig¬ 
nation number. 

EXAMPLE: “Oscilloscope, external sync (+) 
at J08, WIDE GATE, on wide gate amplifier, 
UD61.” 

MEASURE AT —The location of the test 
points at which measurements are to be made 
by jack number, signal name, unit common name, 
and unit designation number. 


VALU E — The value which should be observed 
on the measuring test equipment with apprppri^ 
tolerances within which the function is con¬ 
sidered operative. The tolerances specified in¬ 
clude the tolerance of the test equipment beigg 
used. 

REFERENCES—These include references to 
MR card procedures, signal flow diagram, the 
relay ladder diagram, power distribution dr&tf* 
ings, and circuits shown on unit schematics. 
The component references are to be usedVvfiqp 
the malfunction has been isolated to the particidifr 
test box. This accomplished when the testi®) 
a particular box is NO-GO and all test in bo3g| 
connected beneath that box are GO. IS- 

QUICK-LOOK — The quick-looks should be 
checked as the first step in the use of the pyre? 
mid diagram. The quick-looks provide rapid 
trouble isolation to lower levels of the pyramid 
diagram. Quick-look features are included in 
those cases where the functional circuitry repre? 
sented by the functional test box is also moni¬ 
tored by a built-in test meter, or lamp indicators 
The monitoring device is denoted by a heavy 
bordered box encompassing the lower portion 
of the test box. The data contained within thg 
box identifies the readout by panel name, sdbtt 
matic symbol, chassis common name, and uzp- 
designation number, and specifies the value whi<5 
the readout should indicate. In some cases, tes$~ 
boxes containing automatic readouts also conr* 
tain a second test using external test equipment* 
This is due to one or more of the following} 

1. The monitoring device is not accurate 

enough; e.g., allowable tolerances are il%» auto-: 
matic readout is a +5% indicating device. p 

2. The monitoring device does not comprehend 
sively monitor the function; e.g., it monitor^ 
voltage, and both voltage and pulse shape must 
be evaluated. 

Relay Ladder Diagram 

The relay ladder diagram is comprised of 
two parts: the indexes and the relay schematic 
sheets (fig. 14-3). 

The indexes list in unit designation sequence - 
all relay coils and related switches and indi-t< 
cator lamps in the radar and cross-indexes iWG 
figure, sheet, and zone the location of the reljig 11 
coil and indicator lamp energizing path. 'TM J 
functional types of relays used in the radar and : 
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le documentation under which their energizing 
Whs are covered are as follows: 

1. Signal Operated Relays —Signal Flow 
iiagrams, 

2. All Other Relays — Relay Ladder Diagram. 

The relay ladder sheets trace the energizing 
ath for the relay coil or indicator lamp from a 
ommon interface point appearing on both a 
ower distribution diagram and the ladder sheet, 
irough the equipment, to the respective relay 
oil or indicator lamp, to a common return 
ower interface. The relay ladder sheets show 
11 cabling, terminal connections, relay con- 
icts, switches, and lamps in the ener- 
Izing path. 

The relay ladder diagram is intended for use 
s a support troubleshooting document for detail 
yramids, signal flow diagrams, and the main- 
mance turn-on procedure. It is also to be used 
s the primary troubleshooting document for all 
quipment switching problems. 

ower Distribution Diagrams 

Power distribution diagrams (fig. 14-4) are 
jpport troubleshooting diagrams for signal flow 
lagrams, detail pyramid diagrams, the relay 
idder diagram, and the maintenance turn-on 
rocedure. Specific references to the power 
istribution diagrams are made in the fore- 
lentioned material for purposes of (1) com- 
leting the functional circuitry associated with 
pecific equipment output functions, and (2) trou- 
ie isolation of equipment power failures. 

All power distribution diagrams available for 
•oubleshooting are contained in the equipment 
P. All of the diagrams are indexed for the 
ichnician’s convenience in the table of contents, 
ach diagram illustrates the distribution of 
)wer from the power source to the cabinets 
id chassis of the equipment showing all inter¬ 
mediate terminal boards and cable connections. 

thematic Diagrams 

Schematic diagrams are also in your equipment 
P. A schematic diagram shows how the parts 

• a circuit are connected for the operation 

• the equipment. It does not tell how the parts 
iok or how they are constructed. Each com¬ 
ment is illustrated by. a symbol. A set of 
^hematics enables the technician to trace the 
issage of energy throughout the entire equip- 
ent. The detail of each circuit is drawn. 


PMS/SMS trouble isolation procedures will 
reference the appropriate schematic diagram 
when there is need for detailed circuit infor¬ 
mation. 

CORRECTIVE MAINTENANCE (MRC) 

Alignment/adjustment (A) and repair/replace¬ 
ment (R) procedures are shown in MRC format 
(fig. 14-5). 

The MR cards are not used as a scheduled 
event. They are designed for use in corrective 
maintenance actions. The technician is keyed 
to the use of the alignment/adjustment procedures 


SYSTEM 

SMS 

COMPONENT 

Gearing Units U4001 through 
U4021 and US022 through 
U5041 

M.B. NUMBER 

5ZRAAGA R-S9 

SUB SYSTEM 

Computer Mk 119 Mods 3 and 4 

BELATED M l. 

None 

RATES 

N/A 

M/H 

N/A 


EIC; 5ZBAAGA 

MAINTENANCE REQUIREMENT DESCRIPTION 

1. Replace electromechanical components on gearing units. 

TOTAL M/H 

ELAPSED TIME 


SAFETY PRECAUTIONS 
1. Observe standard safely precautions. 




2. High voltages capable of causing death are used In this cqulpmiit^ 
attempt to perform any replacement with power on. 


TOOLS, PARTS, MATERIALS, TEST EQUIPMENT 

1. 3/32-, 5/32-, and 7/64-Inch Allen wrenches 

2. Screwdriver 

3. Angle mirror 

4. Marking tape 

5. Wedge 

6. Soldering Iron 

7. Solder 

8. Diagonal-cutting pliers /' 

9. Long-nose pliers 

10. Multimeter x' ^ . 

11. Heat sink for soldering 



PROCEDURE 
Preliminary 

a. Deenergl 

b. Open 

' \ x. 


•-•A INTCNAUCC *CQUIfcEMCUT CA»D 

j*na/ rc*w 4■*oo-1 (rev.^-w) 


98.176 

Figure 14-5. — Corrective Maintenance Require¬ 
ment Card. 
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through specific references on detail pyramids 
and from references in other procedures. The 
repair/replacement procedures are to be 
referred to by the technician whenever repair 
or replacement of spare assemblies and com¬ 
ponents is required. 

Alignment/Adjustment 

The MRC A-procedures are intended for use 
as support documentation for signal flow dia¬ 
grams, detail pyramids, the maintenance turn¬ 
on procedure, MRC R-procedures, and MRC 
equipment test procedures. Collectively the pro¬ 
cedures comprise all of the equipment level 
alignment/adjustment and calibration procedures 
required for the equipment. 

Within each series, the procedures have been 
assigned numbers in ascending numerical order 
(e.g., A-l, A-2, A-3, etc.). It is important to 
note that the numbers assigned are for indexing 
and cross-referencing purposes only and have no 
other significance. That is, a complete align¬ 
ment of a subsystem cannot be performed by fol¬ 
lowing the alignment procedures within a series 
in ascending numerical order. To accomplish this 
task, it is necessary to refer to the associated 
detail pyramid or pyramids, as may be the case, 
and perform the procedures in functional depend¬ 
ency input to output sequence as references 
therein. 

An additional and highly important function 
of the MRC A-series procedures is their use in 
obtaining the established values referred to on 
detail pyramid and signal flow diagrams. The 
established values are tabulated alphabetically 
in a table. Established values fall into two 
categories. One category is comprised of those 
parameters of the equipment which have wide 
sign tolerances as applied to all equipment of 
a particular type, but which under conditions of 
peak operating performance, have specific values, 
with much tighter tolerances, unique to each 
equipment. Category two is comprised of those 
parameters whose values are a function of the 
mechanical tolerances peculiar to each equipment 
and the installation site of each equipment. 

Procedures for obtaining the established val¬ 
ues are specified in the table of established values. 
The procedures are performed and the values re¬ 
corded when the equipment is operating at peak 
performance, and are used thereafter as 
reference values to facilitate the evaluation of 
equipment performance. 


Rep air/Replacement 

' * 

Under the PMS/SMS concept, units and assem-v 
blies which are spared or which contain spare^ 
components require MRC coverage if the repahb 
procedure is not obvious upon inspection. Eac$ 
MRC procedure in the series has been assigneda, 
sequential reference number. As with A-series 
procedures, the numbers assigned are for index¬ 
ing and cross-referencing purposes only. 

To facilitate use of the MRC R-series proce¬ 
dures, road map diagrams (fig. 14-6) are pre^ 
sented for the above-deck and below-dec£ 
equipment. These diagrams illustrate the methods 
by which the various subassemblies may 'Bp 
removed and replaced. Each unit assembly shorn 
on the road maps is identified by common namff 
unit designation number, or symbol designating 
number. By referring to the road maps, ttig 
technician can determine those units assemblies 
that must be removed to perform a given task. 
Then by selecting the procedures applicable, the 
full task may be accomplished without unneces¬ 
sary steps. On the road map diagrams, solid 
lines indicate the removal of a unit/assembly 
by the process that involves the least amon^ 
of equipment disassembly. Dashed lines indicate 
alternate removal procedures. For example, in 
figure 14-6, to remove unit C, unit B musttg, 
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■emoved first; this is shown by the solid line 
jetween B and C. The broken line between A and 
r indicates the alternate procedure that could 
)e used in removing A, B, and C in sequence. 
& only unit B is to be removed, the solid line 
iStween B and the major assembly indicates 
hat B can be removed without removing unit A. 


TROUBLESHOOTING 

Much of the Fire Control Technician’s time 
s spent troubleshooting the equipment to which 
e is assigned. Your job may be to maintain a 
feat number of units within the fire control 
ystem, many of which are quite complex, and 
hich might seem at a glance beyond your 
bility to maintain. However, the most complex 
>b usually becomes much simpler if it is first 
roken into successive steps. Any maintenance 
)b should be performed in the following order: 

1. Analyze the symptom. 

2. Detect and isolate the trouble. 

3. Correct the trouble and test the work. 

ROCEDURES 

In troubleshooting, as in most other things, 
ere is no substitute for common sense. 

If there is no input power present to the 
[uipment, it may be assumed (temporarily) that 
e equipment is not defective. Check all ap- 
icable switch positions, circuit breakers, fuses, 
2 ., then check for power at the bus which 
3ds the equipment. Check the tightness and 
ysical condition of interconnecting cables. 
:ing the wiring diagrams in the OP’s, check at 
ccessive tie points and splices for continuity, 
ort circuits, or grounds. The procedures to be 
lowed with these tests were discussed in 
apter 12, General Purpose Test Equipment. 
If a circuit breaker is tripped or if a fuse 
blown, a circuit malfunction is indicated, 
wer to the circuit containing the “open” should 
turned off, and should not be reapplied until the 
lfunction is located and corrected. The most 
nmon causes of tripped or blown circuit pro- 
tors are short circuits, faulty grounds, or 
>rload conditions. However, circuit protectors 
netimes fail due simply to age or to transient 
iditions. If, after a thorough check, no ap- 
ent reason for the failure can be found, the 
aker may be reset or the fuse replaced with 
proper size and type, and the power reap¬ 
ed. If the protector fails again, a malfunction 
lefinitely indicated. 


If the analysis does not indicate the exist¬ 
ence of a short circuit, faulty ground, or over¬ 
load condition, but the equipment still does not 
operate, continue to take measurements with 
power applied. These measurements should be 
taken systematically at progressive check¬ 
points. Particular faults which may interrupt 
current through a circuit include broken wiring, 
loose or faulty terminal or plug connections, 
faulty relays or switches, and uncoupled splices. 
Be alert for these conditions. 

If the defective unit cannot be identified 
while still installed in the equipment, it may be 
advisable to turn off the power and substitute 
units one at a time with units which are known 
to operate properly. As each unit is replaced, 
power should be reapplied and the system checked 
for operation or for symptoms of nonoperation. 
If the system operates normally, the faulty unit 
has been identified, and the faulty unit may 
be taken to the shop for corrective maintenance. 
At this stage of the overall maintenance process, 
it is also advisable to try to determine the 
reason for the failure of the unit — it is con¬ 
ceivable that the new unit may also be damaged 
if the basic cause is not corrected. 

Following removal of the defective unit and 
the subsequent analysis, all other items of the 
original installation should be reinstalled and 
safety wired, and an operational check per¬ 
formed. During the operational check, any re¬ 
adjustments or calibrations should be ac¬ 
complished as required. 

SIGNAL TRACING 


Signal tracing is a very effective method 
for locating defective stages in many types of 
electronic equipment. It is especially useful 
when servicing equipment which normally con¬ 
tains no built-in meters. The signals are checked 
at various points in the equipment, unit, or 
circuit using test instruments such as vacu¬ 
um tube voltmeters, oscilloscopes, or any high 
impedance instrument which is appropriate. The 
test instrument should have high impedance so 
that it will not change the operation of the 
circuit to which it is applied. 

When using the signal tracing technique to 
measure a. c. signals, be sure that the test in¬ 
struments are adequately isolated from any d. c. 
potentials present in the circuit. Some test in¬ 
struments are equipped with special a. c. probes 
which incorporate a capacitor in series with 
the input; other equipment is not so equipped. 
Before using any item of test equipment, the 
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technician must familiarize himself with the 
characteristics and proper use of the test equip¬ 
ment, as well as with the equipment under test. 

By signal tracing methods, the gain or loss 
of amplifiers can be measured; and the points 
of origin of distortion and hum, noise, oscilla¬ 
tion, or any abnormal effect can be localized. 

TEST PROBE SUBSTITUTION 

Using a test equipment probe with equipment 
other than that for which it was designed may 
result in considerable error. Any differences 
in the internal resistance of the probe and input 
circuitry of the equipment precludes substitution 
without calibration. For example, the internal 
resistance of a 10:1 probe is, in most cases, 
nine times higher than the input circuitry of the 
equipment. It should be noted that 2:1, 50:1, and 
100:1 probes are available as well as 10:1 
probes. 

Test probes which are not recommended for 
specific equipment should not be used, because 
they may not have sufficient capacitive adjust¬ 
ment to preserve the waveshape of the observed 
signal. A sound rule is to use all test probes 
only with the equipment for which they were 
designed. 

DEFECTIVE COMPONENTS 

Should it become necessary to replace a 
part with a substitute, you must make sure 
that the substitute part is a proper replacement. 
With resistors, for instance, several character¬ 
istics must be considered—ohmic value, wattage 
rating, tolerance, physical size, and type con¬ 
struction. Capacitors involve consideration of 
physical size, capacity, tolerance, temperature 
coefficient, and voltage rating. Plugs and con¬ 
nectors will almost invariably have to be exactly 
as prescribed since it is difficult to find items 
of this type that are interchangeable. 

Basic Electronics, NAVPERS 10087-C, con¬ 
tains information on color codes for capacitors 
and resistors. Refer to this manual for standard 
codes, specifications, physical shapes, methods 
of reading, and tolerances. 

CHECKING AFTER REPAIR 

No repair job is complete until the repaired 
component or unit is reinstalled and actually op¬ 
erating properly. After the faulty component has 
been replaced and/or the unit reassembled, dust 
and shield covers have to be replaced. Often 


a shield or plate that has been installed will 
touch a bare wire or other contact and will 
render the component or unit inoperative 
cause substandard operation. 

After the component or unit is reinstalled 
in the equipment and properly secured, it must 
be given a final operational test. The most im¬ 
portant test is an operational check under oper¬ 
ating conditions. When the component or unit 
performs properly in the equipment and is 
securely mounted, the casualty has been repaired. 

The troubleshooting steps described in the 
preceding paragraphs are summarized in figure 
14-7, which shows in chart form a general 
troubleshooting procedure. The directions given 
in blocks 1 through 5 are steps to be used 
in locating trouble, and the directions given in 
blocks 6 and 7 are steps in repairing the equip¬ 
ment. (Steps 2, 3, 4 and/or 5 may sometimes 
be eliminated, but steps 6 and 7 will always be 
followed.) 


REPAIR TECHNIQUES 


SOLDERING 


The correct procedure for soldering is given 
in Basic Electricity, NAVPERS 10086-B; there¬ 
fore, it will not be covered here. Let us consider 
for a moment the end product—properly and 
improperly made soldered joints. 

A good well-bonded connection is clean, shiny, 
and smooth. It shows the approximate outline of 
the wire and terminals. The wire and terminals 
are completely covered, and the solder adheres 
firmly. The insulation is close but not in the hols 
or slot; it is approximately 1/8 inch from tbs 
terminal. It is not charred, burned, nicked, or 
covered with rosin. A film of rosin may remain cn 
the joint and need not be removed unless the joist; 
is in a high frequency circuit or unless fun gugj j 
proofing is anticipated. ^ 

Soldered joints may be defective for a variq t^ 
of reasons, such as the following: 


A COLD solder joint has a dull appear! 
and a crystallized texture. Because of the 
union between the wire and terminal, the 
will in time develop high resistance as 
metals oxidize. This type of joint is caused byj 
insufficient heat during soldering, and may 
repaired by reheating. 

A ROSIN joint is so named because the, 
is held by rosin rather than solder. The ill 
spread over the terminal, and instead of 
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Figure 14-7. — Troubleshooting procedure. 


167.801 


>lder bonding with the terminal, the solder 
ittles on top of the rosin. The joint may have 

I the appearances of a good joint, but a little 
■essure will cause movement or an ohmmeter 

II indicate an open. A rosin joint occurs when 
ling a “cold” iron or one that is too small. In 
ost cases, merely applying a hot iron will 
sar up a rosin joint. 

A DISTURBED solder joint has an irregular 
crystallized appearance and the solder may 
chipped off with a fingernail or a pointed tool, 
is caused by the wirfe being moved before the 
lder has fully set. It may be repaired in the 
me manner as the cold solder joint. 


An INSUFFICIENT solder joint can introduce 
high resistance in the circuit and, as current 
flows, undesirable heat. It may loosen and cause 
an open or intermittent operation depending upon 
the amount of oxide present. This heat or a 
visual inspection may reveal this condition, but 
it may be necessary to use an ohmmeter to 
detect this type of solder joint. To repair it, 
it should be taken apart; and after cleaning off 
the oxide, the joint should be re soldered correctly. 

A NO-SOLDER joint may cause noise due to 
oxide or vibration; the circuit may open entirely. 
A visual inspection and an ohmmeter will indi¬ 
cate this condition. The joint should be taken 
apart, cleaned, and then resoldered correctly. 
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There are many other soldering defects, such 
as excessive solder, loose solder, and insulation 
too close or too far from the joint. 

Occasionally some special techniques are 
required in soldering. An example is the case 
of fire control equipment using miniaturized 
components. In such equipment, the physical 
dimensions of resistors have greatly decreased 
and application of a soldering iron close to the 
body of these small carbon composition resistors 
causes a PERMANENT change in resistance. 
Overheating of these resistors and other compo¬ 
nents during soldering can be avoided only by 
restricting heat conduction along the terminat¬ 
ing leads. 

The most acceptable means of preventing 
this overheating is by use of a thermal shunt, 
(fig. 14-8). This shunt should be placed as 
close to the resistor and as far from the joint 
as possible. Be certain that the clamp does not 
contact both the resistor and the joint. If you 
don’t have a clamp type shunt, and don’t have 
time to make one, you can use small needle- 
nose pliers. If you wrap a rubber band tightly 
around the handles, the pliers will grip the 
resistor lead so that you won’t have to hold 
them in place while you solder. 

CRIMPING 

The crimp-on solderless terminals require 
relatively little operator skill. Another advan¬ 
tage is that the only tool necessary is the 
crimping tool. The connections are made more 
rapidly; they are cleaner and more uniform. 
Due to the pressures exerted and the materials 
used, the crimped connection or splice, properly 
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Figure 14-8. — Details of thermal clamp type 
shunt. 


made, has an electrical resistance that is less 
than that of an equivalent length of wire. 

The basic types of terminals are shown in 
figure 14-9. A shows the straight type, B the 
right angle type, C the flag type, D the splice 
type, and E the disconnect splice type. There 
are also variations of these types, such as the 
use of a slot instead of a terminal hole, three- 
and four-way splice type connectors, etc. 

Various size terminal or stud holes will be 
found for each of the different wire sizes. A 
further refinement of the solderless terminals 
is the insulated terminal; the barrel of the 
terminal (fig. 14-9) is enclosed in an insu¬ 
lation material. The insulation is compressed 
along with the terminal barrel when crimp¬ 
ing, but is not damaged in the process. This 
eliminates the necessity of taping or tying an 
insulating sleeve over the joint. 

The standard crimping tool, figure 14-10, 
employs a double jaw to hold the terminal or 
splice. One side of the jaw applies crimping 
action to fasten the terminal to the bare wire 
when the terminal is inserted, as shown at 
the left in figure 14-10. When the tool is used cor¬ 
rectly, a deep crimp is placed in the B area of 
terminal lugs and splices, as shown in diagrams 
on the right of the figure. A shallow crimp is 
applied to the portion of the terminal or splice 
which extends over the insulation of the wire, as 


BARREL 
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Figure 14-9.—Basic types of solderless* toil 
minals. * 
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JAWS (OPEN POSITION) 


TERMINAL LUG IN JAWS OF 
CONNECTING TOOL MS 25037-1 
(CUTAWAY VIEW OF JAWS) 

INSULATION 

.CRIMPING 
JAW 


BARE WIRE 




PREINSULATEO SPLICE (CRIMPED) 


Figure 14-10. — Crimping tool. 
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ldicated by the A area in the diagrams. This 
lamping action is provided by a recessed por- 
on in the other side of the divided jaw. A 
uard, which should be in the position shown 
hen crimping terminals, aids in proper posi- 
oning of the terminal. However, the guard 
mst be moved out of the way when the tool is 
sed for crimping splices. 

ICROMAINTENANCE 


Microelectronic technology by itself will not 
>lve the maintenance problem. In spite of the 
:eatly increased reliability, failures will still 
jcur. When they do, the faulty items must be 
dated and repaired or replaced. 

With the discrete miniature component (tran- 
stor, resistor, capacitor, etc.), you can test 
dividual circuit elements and thus determine 


the cause of failure. Repairs can then be made 
by replacing the faulty component. 

With the integrated circuit, replacement of 
an individual part is impossible because the 
unit is designed and exists only as a complete 
functional element. The maintenance process 
then becomes a matter of isolation and replace¬ 
ment of the defective “chip,” “flat-pack,” board, 
or module. 

Modules 

Modular assemblies are mechanically more 
rugged than conventional circuits. They are, 
however, susceptible to damage from improper 
handling, electrical overload, or overheating. 
Techniques of maintenance and servicing are 
similar to those used with conventional circuits, 
but require somewhat more care in execution. 

The small size and close spacing of the parts 
within the assembly require more care and 
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smaller tools than are normally required in 
conventional maintenance. Additional devices and 
maintenance aids are of great help in developing 
the precision needed for such close work. Many 
components are inherently susceptible to damage 
from various causes. These factors require 
modification of some of the basic maintenance 
techniques and the use of some new ones. 

Component damage during maintenance is 
usually the result of excess heat during repair, 
reversed polarity of ohmmeters while checking 
for continuity, application of excessive voltages 
or signal magnitudes during testing, rough han¬ 
dling, or use of the wrong tools or materials. 

Loosening connections, disconnecting parts, 
inserting or removing transistors, and chang¬ 
ing modular units should not be done with the 
power on or while the circuit is under test. 
These actions (or a loose connection of any type) 
will cause an inductive kickback, which may 
damage the component. 

It is also important to remove any capacitive 
charge from parts, tools, or test equipment 
before connecting them to any modular unit. A 
grounding clip should be connected from the 
item to the modular chassis before making any 
other contact. When disconnecting, the ground¬ 
ing clip should be removed last. 

Leads to transistors, printed circuit boards, 
etc., as well as many miniature components, 
are easily damaged in handling, stowage, or 
shipping. Proper precautions should be used 
at all times. 

It should be emphasized that these miniature 
components and circuits can be repaired, if 
adequate care and proper techniques are used. 

PRINTED CIRCUITS 

The trend toward replaceable units has led 
to several new methods of construction of elec¬ 
tronic equipment, an example of which is the 
printed circuit. This type circuit is designed 
for speed and economy of manufacture, and 
speed and ease of maintenance, as well as the 
saving of space and weight. 


Repair Technique 


The printed circuit presents certain diffi¬ 
culties in soldering techniques that are not com¬ 
mon to conventionally wired circuits. Certainly 
these printed circuits cannot be repaired in a 
careless manner; but with a little care and com¬ 
mon sense, satisfactory repairs can be made. 


Should a printed circuit become broken, it is 
easily repaired by placing a short length of bare 
copper wire across the break and soldering 
both ends to the print; or, if the break is small, 
simply flow solder across it. (See fig. 14-11.) 
When performing these operations, do not apply 
too much heat, and do not permit solder to flow 
to other printed areas. 

The phenolic boards used for printed circuits 
are similar to the phenolic strips used for con¬ 
ventional terminal strips and mounting boards. 
There has been no difficulty in soldering to the 
metal connectors on these terminal strips and 
mounting boards, so there should be none in 
soldering printed circuits. In rare cases where 
excessive heat causes separation erf printed 
conductors from the phenolic borad, repairs 
can be made by using jumper wires. 
(See fig. 14-12.) 

Parts Replacement 

Removal of a part from a printed circuit 
board without damaging the printed circuit or 
the associated parts requires that the soldering 
tool be used with precision and skill. 

When it is necessary to do any unsoldering 
or resoldering, the pencil iron and special tips 
become quite useful. Use the special tips when? 
ever possible. , 

Parts such as resistors and small capacitorsJ 
are most conveniently removed if first cut 1 0 
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Figure 14-11. — Repairing breaks in foil. 
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SOLDER WIRE 



ree their leads. Much less heat is required to 
amove a part if the leads are free. In cases 
here it is inconvenient to remove a board for 
ccess to the wiring side, it is usually possible 
) cut the leads of small resistors and capacitors 
d that a small portion of the lead is exposed, 
he new part can then be soldered to the old 
sads. This technique is shown in figure 14-13. 

RANSISTOR SERVICING 

There are many differences between Iran- 
.stor and electron tube circuits from the stand- 
)int of servicing. For instance, the reliance 
.aced on the senses of sight, touch, and smell 
i the visual inspection of electron tube circuits 
i not feasible in transistor circuits. Many 
ansi stor s develop so little heat that nothing can 
i learned by feeling them. High-frequency traii- 
stors hardly get warm. Usually, when a tran- 
stor (except a high-power transistor) is hot 
lough to be noticeable, it has been damaged 
syond repair. 

In electron tube circuits, a quick test is 
ten made by the tube substitution method; that 
, by replacing the tube suspected of being bad 
th one known to be good. In transistor cir- 
.its, the transistors are frequently soldered 

and the substitution method is impractical. 


Furthermore, indiscriminate substitution of tran¬ 
sistors and other semiconductors should be 
avoided. It is preferable to test transistors 
using a transistor test set. 

You studied the use of the Transistor Test 
Set AN/USM-206 in chapter 12, General Purpose 
Test Equipment and should, therefore, be familiar 
with the methods of testing transistors. 

Voltage Checks 

Voltage measurements provide a means of 
checking circuit conditions in transistor circuits 
as they do in tube circuits. The voltages in 
transistor circuits are much lower than in tube 
circuits. For example, the bias voltage between 
the base and emitter is in the order of 0.05 
to 0.2 volts. Therefore, a sensitive VTVM is 
usually required. When you make voltage checks, 
make sure polarity is observed to avoid error in 
measurements. In an electron tube circuit, if 
you find a positive voltage on a grid, a leaky 
coupling capacitor is indicated. But in a tran¬ 
sistor circuit the base to emitter voltage may 
be positive or negative, depending on the type 
of transistor. For example, the PNP type nor¬ 
mally operates with the base negative with 
respect to the emitter, whereas the opposite is 
true of NPN transistors. Check the schematic of 
the circuit under test for the proper polarity as 
well as magnitude of voltage. 

There may be time when you will want to 
make a current check in a circuit. In circuits 
that are wired in the conventional manner you 
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Figure 14-13.— Replacement of a resistor on 
a printed circuit. 
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can easily unsolder a lead or remove a con¬ 
nection, and then place an ammeter in the cir¬ 
cuit. With printed wiring this is not always 
possible. But you can calculate the current by 
using Ohm’s law. For example, if the collector 
current is to be measured, measure the voltage 
drop across the collector resistor (load) and 
measure the resistor with an ohmmeter. By 
using Ohm’s law, you can calculate the col¬ 
lector current. 

Resistance Checks 

Resistance measurements are not generally 
made in transistor circuits, except to check for 
open windings in transformers and coils. Re¬ 
sistors and transistors have little tendency to 
burn up or change value, because of the low 
voltage power supplies used in transistor cir¬ 
cuits. It is important to remember that before 
you attempt to measure the resistance of any 
transistor circuit component, you must REMOVE 
THE TRANSISTOR OR COMPONENT. Since the 
ohmmeter has a battery, the wrong voltage 
polarity may be applied to a critical stage and 
cause permanent damage to the transistor. 
Another word of caution. Always disconnect the 
supply voltage before you remove a transistor 
from its socket. This prevents current surges 
that might damage the transistor. 

Signal Tracing and Component 
Substitution 

Signal tracers may be used on transistor 
circuits if the precautions concerning the power 
supplies are observed. Many signal tracers use 
transformerless power supplies; therefore, to 
prevent damage to the transistor, an isolation 
transformer must be used. 

You can trace a signal through a transistor 
circuit just as you do in a vacuum tube circuit. 
When you find a faulty component, replace it 
with a duplicate. 

Precautions 

Although transistors are rugged, you must 
observe certain precautions. The leads are the 
most fragile part. Whether they are long and 
flexible or short and rigid, they should be 
treated carefully. When transistors with long 
flexible leads are soldered or re soldered, make 
sure you don’t overheat the transistor. Use the 
heat-sink technique previously described. Tran¬ 
sistors with short rigid leads are usually plugged 


into sockets. In some cases, however, these 
transistors are plugged directly into the p: 
board; and then dip soldered. 

Transistors require low operating vol 
Small changes in these voltages can' 
upset the biasing of transistorsjn some 
cuits, small bias changes can result in'"< 
struction of the transistor. Therefore, 
sure you don’t short out any circuit com; 

This action could disturb all the voltage 
lationships in the equipment, and thus destroy 
a number of transistors. 



Conventional test prods, when used in ffl 
closely confined areas of transistor circuits 
often are the cause of accidental shorts between* 
adjacent terminals. In electron tube circuits- 
the momentary short caused by test prods rt 
results in damage, but in the transistor 
this short can destroy a transistor. Also, . 
transistors are very sensitive to improper bill 
voltages, the practice of troubleshooting by shoi'~ 
ing various points to ground and listening" 
a click must be avoided. Remember the 
sitivity of a transistor to surge currents 
you are testing transistor circuits. 

Except for the special precautions and sei^ 
vicing techniques mentioned here, servi< 
transistor equipment should present no greater! 
problem than servicing its electron tube counter^ 
parts. 


EQUIPMENT WIRING 


Wiring is identified by a system of numl 
and letters attached to each wire. The OP gft 
the number of each wire involved in cabling; 
electronic equipment. Should it become necest 
to trace and repair a wire, refer to the OP 
determine the routing of the wire invoh 


CONNECTORS 


Connectors are inspected when the m* 
units that they connect are inspected, 
this inspection, the mating parts of the 
nectors are separated and the contacts e: 
for corrosion. If corrosion is present, the 
faces are cleaned with a brush or clean rag 
a noncorrosive solvent. The coupling ring 
inspected for battered threads, and should 
replaced if the threads are not in good conditi^ 
When attaching or detaching the connector, 
should be taken to avoid damaging the coupl 
or bending the coupling nut. 


524 


Digitized by 


Googl 


Chapter 14—TROUBLE ISOLATION AND GENERAL MAINTENANCE 


If the connector does not contain a moisture- 
oofing compound, the conductors should be 
spected where they are soldered to the pin 
ntacts. Short circuits are often caused by a 
ayed strand of one conductor touching the 
Ider cup of another conductor within the plug, 
this is the case, the frayed strand may be 
Lpped. Check to see that all soldered connec- 
rns are adequate and that no cold solder 
Lnts exist. 

Connectors do not require lubrication ex- 
pt for the coupling ring threads. Occasionally, 
ay should be given a light coat of antiseize 
mpound to insure smooth operation. 

INDUCTORS AND TERMINALS 

Although modern technical literature has 
en emphasizing the use of printed circuits 
id microelectronic components in contempo- 
iry electronic equipment, conductors are still 
lportant as a signal- or current-carrying 
tvice. (For the purpose of this discussion the 
rm conductor will refer to both wire and 
ible.) As a significant part of operating equip- 
ent, conductors deserve appropriate attention. 

ire 

For wire replacement work, the OP for the 
uipment should first be consulted since it 
rmally lists the wire used. When this infor- 
ation cannot be obtained from the OP, the 
pairman must select the correct conductor 
eded for the job. The three major factors 
solved in this selection in descending order 
importance, are size, insulation, and the 
aracteristics required to satisfy specific 
dronments in which the wire must function. 

CONDUCTOR SIZE. — For d. c. applications, 

* allowable voltage drop and current-carrying 
)acity govern the choice of size. At radio- 
quencies, the skin effect and inductance may 
;ome a controlling factor, although generally 
cept in inductors or RF transformers) these 
•ameters need not be considered. Wire size 
therefore basically a function of the current 
the allowable resistance, except when this 
•ults in a very small conductor size. 

Small conductors are difficult to handle and 
subject to breakage in soldering or due to 
ration. Experience has shown that these 
iculties may be avoided by using No. 22 or 
24 AWG for general circuit wiring and at 
Jt No. 20 AWG for parallel connected tube 


filaments. Solid wire should be used only for 
short jumper connections not exceeding 3 inches 
in length, unless the parts being connected are 
solidly mounted and not subject to vibration. 
Clamps or “dress lugs” are recommended for 
long leads. In other words, the use of stranded 
copper wire whenever possible is strongly rec¬ 
ommended, although under extreme conditions 
of vibration or where high flexibility is required, 
oxygen-free copper is sometimes specified. 
Copperclad steel is another possibility for ap¬ 
plications requiring greater strength and rigidity. 

INSULATION. —A wide variety of insulating 
material is available, which makes its specifi¬ 
cation particularly important. Since eac ± in¬ 
sulation has its peculiar characteristics, no 
single type is always suitable for general usage. 
The major insulation requirements include good 
dielectric strength, high insulation resistance 
(internal and surface), wide temperature range 
(with high softening and low brittle points), 
flexibility, color stability, and resistance to 
abrasion, crushing, moisture, fungus, burning, 
radiation, oil, and acids. 

Insulation requirements for electronic, as 
opposed to power, applications are somewhat 
more exacting due to the higher frequencies 
and impedances and often high voltages in¬ 
volved. Insulation resistance and dielectric 
strength are the prime considerations, although 
for RF application the figure of merit (capacity 
to Q ratio) becomes important. 

Some of the insulations used for general 
hookup wire include lacquered cotton, high tem¬ 
perature rubber, butadiene styrene copolymers, 
Celanese, fiberglass, nylon, vinyl, polyvinyl¬ 
chloride, cellulose acetate, polystyrene, poly¬ 
ethylene, Teflon, and various silicon-treated 
materials. An insulation wall thickness of not 
less than 0.013 inch is recommended for all 
wiring within the confines of an enclosure or 
where mechanical protection is provided. Where 
wiring is exposed or subject to wear or abra¬ 
sion, heavier insulation is required. 

ENVIRONMENTS. —Environmental factors 
such as temperature, humidity, vibration, radia¬ 
tion, fungus, contaminants, and corrosive 
elements must be taken into consideration. These 
requirements are included as a part of the 
specification for the equipment where the wire 
is to be used. 
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Terminals 

Since most wires are stranded, it is neces¬ 
sary to use terminal lugs to hold the strands 
together and facilitate fastening the wires to 
terminal studs. The terminals used in electrical 
wiring are either of the soldered or crimped type. 
Terminals used in repair work must be of the 
size and type specified on the electrical wiring 
diagram for the particular models. Soldered and 
crimped type terminals may be used interchange¬ 
ably, but both must have the same amperage 
capacity and the same size hole in the lug. 

Cable Splicing 

A cable splice, other than one made with the 
crimp-on splice or connector, is employed as 
an emergency measure only. Solder may or 
may not be used, as the condition warrants, but 
in any case the splice should give a good electri¬ 
cal and mechanical joint without solder. The 
splice should be taped to give insulation equiva¬ 
lent to the rest of the cable. A permanent re¬ 
pair must be made as soon as possible. 

SHIELDING AND BONDING 

Shielding is the enclosing of cables or elec¬ 
trical units in metal to prevent high frequency 
interference. Shielding causes the high fre¬ 
quency voltage to be induced in the shield rather 
than in the units or cables. Shielding is used 
where a unit is to be protected from radio¬ 
frequency noise. It is also used to keep cables 
or units from emitting radiofrequency noise. 

Where shielding of cables is used, it is very 
important that it be well grounded. Radiating 
circuits such as pulse cables and transmission 
lines use coaxial cables. The outer flexible 
conductor of “coax” often serves as the shield, 
but occasionally an additional braid is used for 
shielding. Regardless of the system used, the 
conductor forming the shield is grounded. 

Disturbances caused by spark discharges are 
the most difficult to control. A spark discharge 
not only radiates but also causes voltage varia¬ 
tions in the circuit. Shielding is effective for 
the radiations but not for line variations. These 
variations in the line can be smoothed out by 
the use of filters. The function of such filters 
is to block or bypass voltages and currents of 
frequencies which would cause interference. 

Bonding straps are used to tie together, 
electrically, any parts of an equipment or system 
which are insulated from the ship’s structure. 


Some of the reasons for bonding are: 




1. To minimize interference to electrghio 

equipment by equalizing the static charges" mat 
accumulate. ^ 

2. To provide a proper “ground** for 
tronic equipment. 

3. To provide a low resistance return,,gath 
for single-wire electrical systems. 

4. To aid in the effectiveness of shic 


A bond is usually made of a flexible 
strap provided with a crimped-on termin&jW 
each end. 

The bond must be intact and make 
electrical connection at all times. In 
a bond, be careful to make a good 
Place bonds in such a position that they 
interfere with the operation of the unit 
not be damaged or broken loose because 
motion or vibration of the unit. 



SHOCK MOUNTS 

/ 

Electronic equipment is sensitive to Hie* 
chanical shock and vibration; therefore, units d 
electronic equipment are normally shock mounts 
to provide some protection against vibr&tio^ 

Periodic inspection of shock mounts is 
quired, and defective mounts should be replace 
with the prescribed type. In the inspection, tt 
main factors are chemical deterioration of tt 
shock absorbing material, stiffness and resiU 
ency of the material, and overall rigidity of ft 
mount. 

Shock absorbing materials commonly use 
in shock mounts are usually electrical insuli 
tors. For the sake of safety, it is required th 
each electronic unit mounted in this mam* 
must be electrically bonded to a structur 
member of the ship. (See fig. 14-14.) The bondii 
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Figure 14-14.—Shock mount, bonding. 1 
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strap should also be included in the inspection 
of the shock mounts, and defective or ineffective 
bonds should be replaced or reinstalled. 

SAFETY WIRING 

Some equipment parts require a positive 
Bafety locking device. The use of safety wire 
Is one accepted method of providing this safety 
measure. The two most common applications 
of safety wire are the tying together of nuts, 
bolts, screws, and connector parts to prevent 
them from coming loose due to vibration. 

The most common method of safetying nuts, 
bolts, and screws is known as the double-twist 
method. The twisting may be accomplished by 
land, or the special safety wire pliers may be 
ised. (See fig. 14-15 (A).) If the twists are 
made by hand, the final few twists should be 
nade with pliers to apply tension and secure 
he ends of the wire properly. The safety wire 
Jhould always be installed and twisted so that 
he loop around the head stays down and does 


note: 

SAFETY METHODS SHOWN 



SCREW HEADS 
DOUBLE-TWIST METHOD 


(A) 



SINGLE WIRE METHOD 


IB) 


AQ.615 

'igure 14-15. — Safety wiring nuts, bolts, and 
screws. 


not tend to come up over the bolthead, causing 
a slack loop. Extreme care must be used when 
twisting the wires together to ensure that they 
are tight but not overstressed to the point 
where breakage will occur under a slight load 
or vibration. Always use new safety wire on 
every job and take care to use pliers only on 
the ends of the wire so as not to nick the wire. 
If safety wire becomes nicked, discard it and 
use a new piece. When the final twists are made 
with pliers, cut off the loose ends that have been 
nicked by the pliers and bend the end of the 
wire around the bolt or screw head to protect 
personnel from the sharp ends. 

The single wire method of safety wiring 
(fig. 14-15 (B)) may be used on small screws in 
a closely spaced area provided the screws form 
a closed geometrical pattern. Note that any 
loosening tendencies will pull against the tension 
of the wire. Never “back off” or overtorque in 
order to align holes for safety wiring. 

Safety wire electric connectors only when 
specified on engineering drawings or when 
experience has shown the connector will not 
stay tight. Electric connectors are usually safety 
wired in engine nacelles, areas of high vibration, 
and in locations not readily accessible for periodic 
maintenance inspection. 

When it is necessary to safety wire electrical 
connectors, use 0.032-inch diameter wire wher¬ 
ever possible. On small parts with holes 
0.045-inch nominal diameter wire or smaller, use 
0.020-inch diameter safety wire. If the connector 
to be safety wired does not have a wire hole, 
remove the coupling nut and drill a No. 56 (0.046- 
inch diameter) hole diagonally through the edge 
of the nut. Figure 14-16 shows a properly safety 
wired connector. 


GENERAL MAINTENANCE 


At the beginning of this chapter, it was 
noted that you must develop skill and knowl¬ 
edge, of a general nature, to perform your 
maintenance tasks. Soldering techniques, for 
example, are not explained in detail in your 
system and equipment OP’s. But there are many 
times when you will have to make soldered 
connections to keep your systems in good operat¬ 
ing order. Similarly there are other maintenance 
actions you will have to accomplish. Therefore, 
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Figure 14-16. — Safety wiring a connector. 

let’s discuss some of these general maintenance 
procedures. 

CLEANING AND LUBRICATING 
MECHANICAL PARTS 

Many mechanical computing devices used 
in fire control equipment are highly machined 
and are close tolerance mechanisms. The ac¬ 
curacy of the fire control system is often de¬ 
pendent upon the operation of these mechanical 
devices. Dirt, dust, or other foreign particles 
will cause the system to operate inaccurately. 
Moisture may cause corrosion which may also 
cause inaccuracy. Excessive wear will cause 
inaccuracies and shorten the life of the equip¬ 
ment. Thus, it can easily be seen that cleaning, 
lubricating, and moistureproofing of close tol¬ 
erance parts is necessary to have accurate 
effective equipment. 

Most mechanical equipment is enclosed in a 
dustproof housing. If you use reasonable pre¬ 
cautions, the dust problem in this equipment is 
small. Before you remove a cover, be sure the 
surrounding area is clean and that all likely 


sources of dust have been eliminated. A major 
source of dust is the ventilation system. When 
working on precision equipment such as a com¬ 
puter, the ventilation system should be seciired. 
If you cannot secure it, cover the blower duct 
openings with cheesecloth or gauze. 

If a unit is removed from its housing and 
taken to a shop or other working area, adequate 
provisions must be made to keep the mechanisms 
clean and dry. Before the unit is disassemble^, 
all dirt, dust, grease, and other foreign matter 
must be removed from its outside surface. The 
working surfaces of the unit, and the component 
or subcomponents to be worked on, must be as 
clean and dry as circumstances permit. When¬ 
ever the unit is disassembled, all components 
and subcomponents must be kept under lint-free 
dust covers (cloths) to protect them from foreign 
matter. 

Cleaning 

Even when the previous precautions are taken, 
some dirt and other foreign matter may pene¬ 
trate into the equipment. Also, it may be nec¬ 
essary to remove excessive or old oil and 
grease. The correct solvent MUST be used 
since some solvents leave a residue or cause 
corrosion. Therefore, ALWAYS check the OP. 

Spraying or splashing of the solvent must be 
avoided during cleaning. If the solvent were to 
fall upon a bearing surface, it would cut the 
lubricant or render it less effective, causing 
excessive wear. After the solvent has been 
used, the parts must always be wiped dry with 
a clean lint-free cloth. 

Lubrication 

Lubricants are used to reduce friction be¬ 
tween moving parts. Occasionally, lubricants 
are used for the purpose of preventing rust, 
oxidation, and corrosion. The applicable main¬ 
tenance manual includes the lubrication instruc¬ 
tions for the particular equipment. But no lubri¬ 
cation procedure will be effective unless it 
is performed regularly. Different components 
must be lubricated at different intervals; the 
recommended frequency of lubrication for each 
component must be followed. 

Lubrication instructions indicate the type 
and amount of lubricants, lubrication points, 
and frequency of application. In addition,. the 
instructions may contain other maintenance func¬ 
tions to be performed in conjunction with lubri¬ 
cation. Don’t trust your memory; follow a check¬ 
off list with a systematic schedule. 
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Do not overlubricate your equipment. Exces¬ 
sive lubricant acts as an insulating blanket and 
prevents the dissipation of heat. Overfilling or 
overheating may cause overflow into adjacent 
electrical equipment. Lubricants generally de¬ 
teriorate electrical insulation materials. 

Cleanliness is important in lubrication. Dirt 
in a lubricant makes a damaging abrasive mate¬ 
rial. Plastic protective caps are provided for 
some types of grease fittings. Lubrication points 
must be cleaned prior to lubrication. If a clean¬ 
ing solvent is used, it must be wiped dry before 
the lubricant is applied. 

CLEANING AND LUBRICATING 
ELECTRONIC EQUIPMENT 

Most electronic equipment has a serious 
dust problem. This is a direct result of the 
heat problem. Heat is dissipated by air taken 
into the unit and circulated. Air filters are 
installed, but they are not 100 percent effective. 
The housing is not dustproof, so you can expect 
to find some dust in electronic units. 

You should clean electronic units frequently. 
To clean an electronic assembly, use a soft 
brush and a vacuum cleaner with a nonmetallic 
hose. Keep in mind that even though the power 
is off, dangerous potentials may still be present. 

Avoid using a portable blower or a com¬ 
pressed air hose to clean a cabinet or chassis. 
Dust may be blown into relay contacts or open 
switches. Oil inside the cabinet will usually be 
caused by a leaky oil-filled capacitor, which 
should be found and replaced. 

Air filters must be cleaned periodically. 
They are often neglected or disregarded until 
excessive heating causes a breakdown of the 
equipment. Accumulated dust is removed by 
hosing the filter with soapy water. The filter is 
then dried and replaced in its holder. 

Ceramic insulators should be kept clean to 
prevent leakage and possible arc-overs. If wip¬ 
ing with a clean cloth is not enough, a cloth 
moistened with an approved solvent may be used. 
The insulator is then polished dry with another 
clean cloth. 

Ferrule resistors and fuses should be re¬ 
moved from their clips, and corrosion or dirt 
removed from the components and clips. Use 
a cloth dipped in solvent, or if necessary, fine 
sandpaper or crocus cloth to remove the dirt. 

Electronic equipment is more than an ar¬ 
rangement of vacuum tubes, transistors, and 
other electronic units. Its operation depends 
upon a number of moving mechanical parts. 


Many of these parts require lubrication at reg¬ 
ular intervals. The OP for each electronic 
equipment gives the lubrication instructions. 
Lubrication techniques are the same for elec¬ 
tronic equipment as they are for mechanical 
equipment. 

INSPECTIONS 

To prevent the likelihood of future troubles 
or malfunctions, you must make visual inspec¬ 
tions of your equipment. In the following para¬ 
graphs we will point out some of the things you 
should look for. 

Routine visual inspection of terminal boards 
should be made and terminal screws checked 
for tightness. A loose terminal lug can cause 
an intermittent malfunction of equipment that 
may be difficult to find. It is important not to 
overtighten terminal screws because you may 
strip the threads. Loose terminal lugs are a 
common source of trouble because they work 
loose due to normal ship vibration. 

Cables should be inspected for looseness or 
damage at places where they enter equipment or 
at any other point in a cable run. Cables show¬ 
ing signs of damage or abuse should be either 
rerouted or protected. Particular attention should 
be given to the coaxial cable, which is easily 
damaged by dents or sharp bends. 

Look for signs of overheating and faulty 
insulation. When these signs appear, the equip¬ 
ment will be blackened around the area of over¬ 
heating. Check the condition of tubes and tube 
sockets. Sometimes vibration loosens the tubes 
in their sockets. 

The air screens of amplidyne motors and 
motor generator sets should be inspected and 
kept cleared of dirt and dust. Excessive vibra¬ 
tion of these units is a danger signal of faulty 
operation. The most usual causes are loose 
mounting bolts, shaft misalignment, and foreign 
matter rubbing the rotating element. 

Inspect junction boxes, exposed radar com¬ 
partments, and other unit covers to see that they 
are properly dogged down. Tighten all retaining 
bolts and dogs evenly and firmly, alternating 
between diametrically opposite bolts or dogs. 

ROTATING MACHINERY 
MAINTENANCE 

Rotating machinery should be inspected and 
cleaned at prescribed intervals (periodic checks) 
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and whenever repairs to the machinery have 
been made. For such cleaning and inspection, 
the following procedure is suggested. 

1. Unfasten and remove end cover. 

2. Remove dust and dirt from machine and 
end covers, using clean, dry compressed air or 
a soft brush. 

3. Loosen, gently remove, and inspect brush¬ 
es, being extremely careful not to nick or 
mar their edges. Note the location and position 
from which each is removed so that it can be 
replaced in exactly the same position. 

4. Check commutators or sliprings for ex¬ 
cessive wear, pitting, dirt, thrown solder, or 
other defects. A highly polished commutator or 
slipring is desirable, but a dark-colored one 
should not be mistaken for a burned one. If the 
surface is dirty, clean with a lint-free cloth 
moistened in a cleaning solution and wipe dry. 
Avoid fingermarking the commutator or slip¬ 
ring surface. 

5. Secure all brushes in their holders, making 
certain they are replaced in exactly the posi¬ 
tion from which they were removed. 

6. Replace and secure end covers. 

Sliprings 

Sliprings are solid metal rings mounted on 
the rotor of alternating current machines for 
transferring the power to or from external 
circuits through brushes or wipers. Sliprings 
are also used on synchros, director connections, 
and stable element connections. 

While they vary in size and type, the main¬ 
tenance of sliprings is essentially the same for 
all types. They should be inspected periodically 
for wear, grooving, and cleanliness. Normally, 
the surface of the rings should be bright and 
smooth. 

As mentioned previously, the connection to 
the rings is by brushes or wipers. Wiper con¬ 
tacts are used with devices that do not require 
high current and consequently require only light 
pressure when making contact. Excessive pres¬ 
sure will result in excessive wiper wear, be¬ 
cause the wiper contact is usually of a softer 
material than the rings. Any contacts showing 
considerable wear should be replaced. 

If sliprings are inspected and found rough, 
scratched, or grooved, corrective action must be 
taken. They can be smoothed with a fine crocus 
cloth or sandpaper. However, care should be 
exercised not to cause high and low spots which 
will interfere with high speed operation. Further 


repairs, such as cutting with a lathe, should be 
performed at overhaul activities (Navy yards 
and tenders). Also in cleaning with a solvent, 
be careful not to allow the solvent to enter-the 
bearings since the solvent will cut oil or grease. 
This, of course, will cause the lubricant to flow 
out of the bearing. 

Commutators 

Commutators have been called the “soft 
spot” of d.c. machinery because they require 
considerable maintenance. The commutator is 
a series of copper segments separated tjy an 
insulator. When the brushes make contact with 
a pair of segments, an armature coil is con¬ 
nected into the circuit. Thus when the motor 
or generator is moving, the brushes and com¬ 
mutator switch coils in and out in the proper 
sequence. 

The normal appearance of the commutator is 
a shiny, smoothly worn, chocolate brown color. 
A blackened or pitted commutator is caused by 
poor brush and segment contact, open or shorted 
coils, overloads, etc. If the brushes are causing 
the blackened appearance, they should be re¬ 
placed and then the commutator should be cleaned. 
Cleaning is accomplished by the use of fine sand¬ 
paper and the recommended solvent. The sand¬ 
paper should be held against the commutator by 
a piece of wood that is grooved to fit the commu¬ 
tator. NEVER USE EMERY CLOTH. Emery is an 
electrical conductor, which will cause a short 
circuit. 

If the fault is other than brush and segment 
contact, that is, a short or open coil, the machine 
should be replaced and sent to overhaul. An¬ 
other fairly common defect is HIGH MICA. As 
the copper of the commutator wears down, the 
mica, which is the insulation separating the 
segments, does not. Consequently, it may be 
higher than the segments. The high mica gives 
a bounce to the brush every time it passes 
underneath; this results in arcing because the 
brush is constantly breaking contact. High mica 
can be spotted by rubbing your fingernail over 
the surface of the commutator. There should 
be a small depression between each segment. 
If there is high mica, this depression disap¬ 
pears. Undercutting is the remedy for high 
mica, and this operation is normally reserved 
for the overhaul activities. 

Brushes 

Brushes are found in numerous sizes and 
shapes and are made of various materials and 
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compounds. Many brushes used in fire control 
equipment are made of a composition of graphite 
and other forms of carbon. In all probability 
the majority of the maintenance you will perform 
on rotating machinery will be concerned with 
brushes. Brushes should be checked for wear, 
chipping, oil soaking, sticking in the brush holders, 
spring tension, length, and area of contact with the 
commutator. If for any reason a brush is removed 
and is to be replaced, it should be marked or 
tagged so it may be replaced in the same brush 
holder in the same position it occupied before 
removal. 

Brushes that show excessive or improper wear 
or chipping, or are oil soaked, should be re¬ 
placed. Care should be exercised in obtaining 
the correct replacement. It is important that the 
brushes be changed before they are completely 
worn away to prevent damage to the equipment 
in which they are used. 

Some brushes are marked to indicate allow¬ 
able wear by a readily noticeable groove in 
their edge. This groove extends from the top of 
the brush down to a point that is 75 percent of 
the brush wearing depth. (The top is the end 
opposite the wearing face.) Thus if the brush 
is worn down to the groove, it must be replaced. 
If no groove is present, consult the equipment 
OP for acceptable minimum brush lengths. 

In the replacement of brushes, you will find 
that some new brushes are ready to use. That 
is, the brush face is slightly concave so that it 
fits tightly on the commutator. However, be¬ 
cause other new brushes are NOT ready for 
use, they must be sanded in. This sanding, or 
seating, can be accomplished by wrapping fine 
sandpaper around the commutator. The paper 
is placed sand side up with a lap following the 
direction of normal rotation of the device, and 
is held in place by a rubber band. Do NOT use 
glue or tape. The brushes are placed in their 
holder under spring tension, and the armature 
is rotated slowly by hand in the direction of 
normal rotation. In so doing, the contact sur¬ 
faces of the brushes are sanded until their 
curved surfaces match the curvature of the 
commutator. The carbon dust from the brushes 
i must be removed from the device by using dry 
compressed air followed by cleaning with sol¬ 
vent. 


possible is of little or no value if vision through 
it is obscured by dirty optics. 

The items you will normally need for cleaning 
optical elements include a small brush (camel’s 
hair), alcohol, lens tissue (soft, lintless paper), 
and absorbent cotton or silk floss. To this 
list you may also wish to add a special lint¬ 
less cloth for cleaning optics, the best type 
of which is velvet cloth. 

The recommended procedure for cleaning 
glass optics is presented by steps in the fol¬ 
lowing paragraphs: 

1. Brush the surface of the lens with a 
brush (camel’s hair) using quick, light strokes. 

2. If the lens is large, use several pads 
of lens tissue dampened with alcohol to re¬ 
move remaining dirt and/or grease. Change 
cleaning pads or swabs frequently enough to 
prevent damage to the optic by dirt or grit. 
Use a cotton, silk, or floss swab, or lens 
tissue on small lenses. 

3. As you clean an optic, swab lightly with 
a rotary motion, working from the center to 
the edges. Avoid excessive rubbing to prevent 
damage to the coating of an optic and charging 
with static electricity. 


ENVIRONMENTAL PROBLEMS 

The environmental factors that should be 
understood to maintain the design characteristics 
include temperature, humidity, pressure, and 
abrasive conditions. 

TEMPERATURE 

Extensive research has been conducted to 
develop external component parts that are better 
able to withstand operation under extreme tem¬ 
peratures. Extremely low temperatures cause 
brittleness in metal and loss of flexibility of 
rubber, insulation, and similar materials. Ex¬ 
tremely high temperatures may cause deformity 
and deterioration of these items. Most internal 
component parts are not able to withstand these 
extreme temperatures. 


CLEANING OPTICAL LENSES 

An optical instrument with components of the 
highest quality arranged in the best design 


Because equipment is normally installed in 
confined spaces aboard ship, the generated heat 
causes the temperature to rise; therefore, many 
units have fans installed to increase the air 
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circulation, thus reducing the temperature within 
the unit. 

HUMIDITY 

Humidity, a measure of water content in the 
air, is a possible cause of equipment or com¬ 
ponent failure. High humidity (that is, a high 
water content in the air) provides a possible 
environment for corrosion and fungus growth. 
A high moisture content in the air may cause 
short circuiting between points of high potential. 

In certain cases the removal of heat from 
equipment requires the use of external air. If 
this external air has a high moisture content, 
the cooling may be accomplished by one of two 
ways. First, the high humidity air may be di¬ 
rected through an air jacket which surrounds 
the equipment. In this case the heat is removed 
without allowing the humid air to come in con¬ 
tact with the internal equipment components. 
Second, when the internal equipment components 
require direct air for heat removal, the direct 
air is passed through silica-gel crystals, re¬ 
moving the moisture from the air. It should 
be apparent that the second method is less 
troublesome because the first case does cause 
corrosion within the air jacket. 

PRESSURIZATION 

When high voltage electrical equipment is 
operated, there is always the problem of arcing. 
To reduce the possibility of arcing, the case 
of the equipment is pressurized. Thus, all com¬ 
ponents inside the case are subject to pres¬ 
surization, and the possibility of arcing is 
minimized. In the case of radar operation at 
high altitudes, the waveguides and parts of the 
antenna are also pressurized. 

Pressurization is usually not a big mainte¬ 
nance problem, but on occasions will cause 
trouble. The troubles that do arise in the pres¬ 
surization system are usually the result of 
poor preventive maintenance. To have a trouble- 
free pressure system, all seals and gaskets 
(located at the points of separation, waveguide 
joints, and case covers) must be very carefully 
installed to provide an airtight seal. When 
pressurization troubles do occur, they may be 
difficult to detect since a very small leak is 
normally all it takes to render the system in¬ 
operable. Before attempting to put the system 
under pressure for checking for leakage, first 
consult the OP. This is necessary since each 
system has certain specifications concerning the 


amount of pressure that may be safely applied. 
If excessive pressure is applied, it could pos¬ 
sibly rupture the seals or gaskets, or even cause 
mechanical damage to parts of the equipment. 

ABRASIVE CONDITIONS 

Sand, dust, and other substances which are 
abrasive in nature affect many components. 
Generally these components are parts that are 
not sealed off from the atmospheric conditions. 
In some cases the abrasive material is formed 
even though the unit is sealed. Examples are 
generators, motors, and dynamotors which use 
brushes. Also the protective coating may be 
removed from a part by the movement of the 
abrasive material in the air that is used'for 
cooling. This may allow the unprotected metal 
to corrode. 

Modern configurations employ air-condition¬ 
ing systems for the purpose of cooling the 
equipment. The external air is used to coolitbe 
heat exchanger while the internal air used'to 
remove heat from the equipment may be pres¬ 
surized. The use of the pressurized air for 
equipment heat removal minimizes the undesired 
environmental effects of temperature, humidity, 
arc-over, and abrasive conditions. 

SHOCK AND VIBRATION 

Vibration effects are directly related to the 
resonant mechanical frequency of the equipment. 
A reduction of shock and vibration effects may 
be obtained by locating the heavier components 
as close as possible to the mounting points to 
reduce the length of the moment arm. 

The extended use of miniaturization and 
printed circuits will, to some extent, counteract 
the troubles due to increased accelerations and 
shocks that military electronic equipment is now 
encountering. 


CORROSION CONTROL 

The need for corrosion control has become 
a major concern in the availability and main¬ 
tenance of our striking forces. This is becaifee 
corrosion destroys equipment and is active 24 
hours a day. 

MOISTURE PREVENTION 

The battle against moisture is never-ending. 
Moisture creeps into the smallest openings. 
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Watertight covers must be kept watertight. When 
you remove a cover, check the condition of the 
gasket, the knife edge, and the securing bolts 
or dogs. Where possible, when checking an elec¬ 
trical circuit, use a connection box in a pro¬ 
tected space. When moisture is discovered in 
an instrument or connection box, dry it out 
with a hot-air blower or an electric lamp. 

A reasonable degree of protection against 
the accumulation of moisture is obtained by a 
daily energizing and workout of the equipment. 

Variations in temperature cause air to be 
breathed through any opening or vent in the 
equipment. As the temperature rises, the air 
inside a piece of equipment expands and is partly 
expelled. When the temperature falls, the air 
inside the equipment contracts and outside air 
is admitted. As the air cools, condensation or 
sweating takes place. Electrical heaters are 
installed in some instruments to eliminate this 
source of moisture. The heater keeps the interior 
of the instrument at a temperature higher than 
that of the surrounding air. In many instruments, 
the circuit to the heater bypasses the power 
switch, and voltage may be present even though 
the power switch is off. Remember this when 
working around the heater circuit. 

Some equipment may use an air drier, or 
tesiccator unit, to moistureproof the mechanisms 
within the unit. The unit is sealed by dust 
covers and is airtight except for the connection 
o the air drier. The air drier consists of a 
iBit that contains silica gel crystals. The silica 
jel crystals absorb moisture from the air within 
he unit. 


ialt and Fungus Treatment 

Salt and fungus found in your equipment should 
e removed immediately. Salt, when moisture is 
resent, will corrode metals and is a conductor 
f electricity. Fungus growth causes decay, rapid 
eterioration of insulating materials, and shorts 
r grounds in electrical circuits. Under some 
ircumstances you can use fresh water to re- 
10 7® After cleaning the equipment, however, 
lake sure the water is completely evaporated, 
cleaning solvent, methyl chloroform, can be 
d to clean away salt or fungus. But methyl 
3 J >r 1 °^ orm attack electrical insulating ma- 

icrh* and contact time should be limited, 
an ^° ncentra ti° n methyl chloroform vapor 
be dangerous to life. Adequate ventilation 
8 necessary when it is used. 


SAFETY PRECAUTIONS 


Much has been written on safety precautions. 
Consequently, the number of accidents which 
occur in the Navy is small. Most of the safety 
precautions applicable to Missile Fire Control 
Technicians are published in system and equip¬ 
ment OP’s. Many of the safety regulations included 
in these OP’s and other technical manuals are 
the result of actual experiences, so give them 
careful consideration. 

CAUSES OF ACCIDENTS 

There are four closely related causes of 
accidents: CARELESSNESS, INEXPERIENCE, 
OVERCONFIDENCE, and FATIGUE. 

Carelessness 


CARELESSNESS is something most human 
beings have to overcome. You have to cultivate 
good working habits — you must learn to coordi¬ 
nate your mental and physical actions to a point 
where you can concentrate on the important 
parts of the job at hand without having to worry 
about the minor mechanical functions pertain¬ 
ing to it. 

Inexperience 

INEXPERIENCE can be the cause of acci¬ 
dents regardless of how careful the individual 
intends to be. The best solution to this prob¬ 
lem is NEVER GUESS—you must learn to ask 
questions about things you are unfamiliar with 
or are not completely sure about. Beginners 
have a tendency to be overeager and desire to 
put their hands to work. Eagerness is a good 
trait in any person, but you must realize that 
men with more experience usually know best. 
Work into a job gradually and be particular 
about thoroughness; always be conscious of cor¬ 
rect procedures in doing things. Train your 
mind and hands to function correctly so as to 
protect yourself and others from physical in¬ 
jury. For example, when you work with a screw¬ 
driver, be sure that your left hand (or right 
hand, if you are left-handed) is clear of the 
screwdriver bit; otherwise, a slip of the screw¬ 
driver may drive the bit completely through 
your hand or may gouge deep into your arm. 
If you practice correct methods from the start, 
they’ll become automatic before you realize it. 
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Overconfidence 

OVERCONFIDENCE can come to both young 
and old, experienced and inexperienced; how¬ 
ever, it is usually more closely associated with 
inexperience. Often, however, men grow over¬ 
confident when they become thoroughly familiar 
with a particular job, and have a tendency to¬ 
ward carelessness. To put it briefly, always be 
confident that you know a job, but beware of 
overconfidence because it may invite mistakes 
which can cause accidents. 

Fatigue 

FATIGUE has always been the cause of a 
large percentage of accidents. You might be 
highly efficient when you have energy to burn, 
but it’s another story when you get tired; your 
physical actions slow up and become inaccurate. 
Always prepare yourself for the task ahead by 
learning how much endurance it requires, and 
then get the necessary sleep, recreation, food, 
and exercise to keep on your toes. Remember, 
to be alert and to feel your best is extremely 
important on the job, and you can only enjoy 
this feeling by keeping yourself in good 
physical condition. 

ELECTRIC SHOCK 

Electric shock may cause burns of varying 
degree, cessation of breathing and unconscious¬ 
ness, ventricular fibrillation or cardiac arrest, 
and death. If a 60-hertz alternating current is 
passed through a person from hand to hand or 
from hand to foot, the effects when current is 
gradually increased from zero are as follows: 

1. At about 1 milliampere (0.001 ampere) 
the shock will be felt. 

2. At about 10 milliamperes (0.01 ampere) 
the shock is severe enough to paralyze muscles 
and a person may be unable to release the 
conductor. 

3. At about 100 milliamperes (0.1 ampere) 
the shock is usually fatal if it lasts for one 
second or more. IT IS IMPORTANT TO REMEM¬ 
BER THAT FUNDAMENTALLY, CURRENT, 
RATHER THAN VOLTAGE, IS THE CRITERION 
OF SHOCK INTENSITY. 

It should be clearly under stood that re si stance 
of body wiU vary. That is, if the skin is dry and 
unbroken, body resistance will be quite high, on 
the order of 300,000 to 500,000 ohms. However, 
if the skin becomes moist or broken, body re¬ 
sistance may drop to as low as 300 ohms. Thus, 


a potential as low as 30 volts could cause a fatal 
current flow. Therefore, any circuit with a po¬ 
tential in excess of this value must be considered 
dangerous. 

IT SHOULD BE NOTED AT THIS POINT THAT 
THE TAKING OF AN INTENTIONAL SHOCK IS 
PROHIBITED BY NAVY REGULATION. 

Care of Shock Victims 

Electric shock is a jarring, shaking sensation 
resulting from contact with electric circuits or 
from the effects of lightning. The victim usually 
experiences the sensation of a sudden blow, and 
if the voltage is sufficiently high, unconscious¬ 
ness. Severe burns may appear on the skin at 
the place of contact; muscular spasm can occur, 
causing a person to clasp the apparatus or wire 
which caused the shock and be unable to turn 
loose. Electric shock can kill its victim by 
stopping the heart or by stopping breathing, or 
both. It may sometimes damage nerve tissue 
and result in a slow wasting away of muscles 
that may not become apparent until several 
weeks or months after the shock is received. 

The following procedure is recommended for 
rescue and care of shock victims. 

1. Remove the victim from electrical contact 
at once, but DO NOT ENDANGER YOURSELF. 
This can be done by: (1) throwing the switch, if 
it is nearby; (2) using a dry stick, rope, leather 
belt, coat, blanket, or any other nonconductor 
of electricity; or (3) cutting the cable or wires 
to the apparatus, using a damage control ax 
while taking care to protect your eyes from the 
flash when the wires are severed. Even the 
victim’s shoes, if dry, can be used to pull him 
clear. 

2. Determine whether the victim is breathing. 
If so, keep him lying down in a comfortable 
position. Loosen the clothing about his neck, 
chest, and abdomen so that he can breathe 
freely. Protect him from exposure to cold, and 
watch him carefully. 

3. Keep him from moving about. After shock, 
the heart is very weak, and any sudden muscular 
effort or activity on the part of the patient may 
result in heart failure. 

4. Do not give stimulants or opiates. Send 
for a medical officer at once and do not leave 
the patient until he has adequate medical care. 

5. If the victim is not breathing, it will be 
necessary to apply artificial respiration without 
delay, even though he may appear to be lifeless. 
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Artificial Respiration 

Artificial respiration, the mechanical pro¬ 
motion of breathing, is used to resuscitate 
persons whose breathing has stopped as a result 
of electric shock, drowning, asphyxiation, strangl¬ 
ing, or the presence of a foreign body in the 
throat. To revive perons suffering from elec¬ 
trocution resulting in stoppage of breathing, 
begin artificial respiration immediately. Send 
another person for competent medical aid. If 
there is any serious bleeding, stop it first, but 
do not waste time on anything else. Seconds 
count; the longer you wait to begin, the less are 
the chances of saving the victim. 

For complete coverage on administering 
artificial respiration ai)d treating burns, refer 
to Standard First Aid Training Course, NAVPERS 
10081-B. 

GENERAL SAFETY PRECAUTIONS 

Although many specific safety precautions 
are laid down for you in the OP’s and tech¬ 
nical manuals, there are a few general pre¬ 
cautions which you should remember. Let’s start 
by discussing the handling of handtools and 
power tools. 

Handling Tools and Machinery 

Many accidents occur because of the im¬ 
proper handling of tools. In general, these ac¬ 
cidents occur in the form of physical injury 
to the person operating the tools. The follow¬ 
ing list gives the more important general pre¬ 
cautions to follow*. 

1. Whenever chipping, buffing, or grinding 
with handtools and power tools, always wear 
goggles as a protection to the eyes. Little 
chips from a spinning grind wheel, or a bristle 
from a revolving wire brush can easily put 
out an eye. Many of these machines are pro¬ 
vided with a guard: be sure to use it. 

2. Always ground the provided ground lead 
located at the plug of portable tools such as 
electric drills to protect yourself from shock 
in case a ground occurs within the tool. 

3. When working with sharp handtools, al¬ 
ways work so that the tool is moved or thrust 
away from the body. 


4. Never wear loose clothing or a necker¬ 
chief when working with rotating tools or ma¬ 
chinery. Such clothing may become caught in 
the spinning parts and drag you bodily into 
the machine causing severe physical injury. 

5. Never use metal handtools on energized 
electrical equipment or circuits because you 
may get shocked, or the tool may cause a 
short circuit causing molten copper to be blown 
into your face and eyes. 

6. Never use handtools around running ma¬ 
chinery, nor perform adjustments to running 
machinery unless absolutely necessary. 

7. Never lay handtools on top of running 
machinery where vibration may cause the tool 
to fall into exposed working parts. 

8. If it is necessary to work on electric 
equipment that is in an energized state, wear 
rubber gloves, use tools, with insulated han¬ 
dles, and stand on an insulated mat. Always work 
with one hand to prevent the possibility of a circuit 
through your body from arm to arm. 

9. When working with tools, always work 
in a physically comfortable position, and keep 
the weight of your body well centered. 

Electrical Work 

The following list is in addition to those 
precautions on handtools and machinery, and 
is applicable to all electrical work. This list 
will help you prevent electric shock or burns 
during daily work. 

1. Do not block high voltage protective cut¬ 
out on doors or covers to keep the circuit 
energized with the cover off. It is intended 
that work be performed on such electrical equip¬ 
ment while the circuit is deenergized. 

2. Always ground the provided ground lug 
located at the plug of portable tools such as 
electric drills to protect yourself from shock 
in case a ground occurs within the tool. 

3. Always be sure that all condensers are 
fully discharged before commencing work on 
a deenergized high voltage circuit. Use an in¬ 
sulated shorting bar for this purpose. 

4. Tag the switch OPEN (open the switch 

and place a tag on it stating “This circuit was 
ordered open for repairs and shall not be closed 
except by direct order of .”) at the 

switchboard supplying power to the circuit on 
which you wish to work. When possible, re¬ 
move the fuses protecting the circuit and place 
them in your tool box for safekeeping until the 
job is complete. 
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5. Always remove fuses with fuse pullers 
and never remove fuses, until after opening the 
switch connecting the circuit to the source of 
supply. Never replace a fuse with one LARGER 
than the circuit is designed to take. 

6. Utmost caution should be observed when 
inspecting behind an open-back switchboard in 
an energized state. 

7. Never use an incandescent test lamp un¬ 
less its voltage rating is greater than the highest 
voltage which may be tested. 

8. Always test a supposedly deenergized cir¬ 
cuit with a voltage tester before commencing 
work on the circuit. 

9. Never work on an electric circuit or 
network without first thoroughly acquainting your¬ 
self with its arrangement and with its points 
of power feed. 

10. Never work alone on electrical equipment. 
Always have someone present to render first 
aid in case of emergency. 

Common Safety Features in 
Electronic Equipment 

You should be aware of the safety features 
that are generally included in electronic equip¬ 
ment. Some of the common safety features 
are interlock switches, bleeder resistors, cur- 
rent-limiting resistors, insulating controls, and 
powerline safety devices such as fuses. Keep 
in mind that these features cannot always be 
counted on to function. Don’t develop a false 
sense of security just because an equipment 
has safety features. 

Safety Shorting Probe 

ALWAYS ASSUME THAT THERE IS A VOLT¬ 
AGE PRESENT when working with circuits having 
high capacitance even when the circuit has been 
disconnected from its power source. Therefore, 
capacitors in such circuits should be discharged 
individually, using an approved type shorting 
probe. High capacity capacitors may retain their 
charge for a considerable period of time after 
having been disconnected from the power source. 
An approved type shorting probe is shown in 
figure 14-17. 

When using the safety shorting probe, always 
be sure to first connect the test clip to a good 
ground (if necessary, scrape the paint of the 
grounding metal to make a good contact). Then 
hold the safety shorting probe by the insulated 
handle and touch the probe end of the shorting 
rod to the point to be shorted out. The probe end 



U 

Figure 14-17. —An approved type shorting probe. 


is fashioned so that it can be hooked over tha 
part or terminal to provide a constant conhedtiai 
by the weight of the handle alone. Always, take 
care not to touch any of the metal parts tf tie 
safety shorting probe while touching the prQ]» 
to the exposed “hot” terminal. It pays trf be 
safe; use the safety shorting probe with care. 

Some equipments are provided with w&lk- 
around shorting (such as fixed grounding studsor 
permanently attached grounding rods) . When .this 
is the case, these should be used ratherthan the 
safety shorting probe described previously. 

RADIOACTIVE ELECTRON TUBES 

Electron tubes containing radioactive material 
are now commonly used. These tubes are known 
as TR, ATR, PRE-TR, spark-gap, voltage-regu¬ 
lator, gas-switching, and cold-cathode gas- 
rectifier tubes. Some of these tubes contain 
radioactive material and have intensity levels 
which are dangerous; they are so marked, in 
accordance with Military Specifications. 

So long as these electron tubes remain intact 
and are not broken, no great hazard e*i|tg. 
However, if these tubes are broken and the 
radioactive material is exposed, or escapesftfi&i 
the confines of the electron tube, the radtoactijB 
material becomes a potential hazard. The con¬ 
centration of radioactivity in a normal collection 
of electron tubes in a maintenance shop 
not approach a dangerous level, and the hazards 
of injury from exposure are slight. However, at 
major supply points, the storage of large quanti¬ 
ties of radioactive electron tubes in a relatfv&y 
small area may create a hazard. For thisl^e&ffti, 
personnel working with equipment employing 
electron tubes containing radioactive materUU* 
or in areas where a large quantity of radiO&cfxve 
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tubes is stored, should read and become thoroughly 
familiar with the safety practices contained in 
Radiation, Health, and Protection Manual, NAV- 
MED P-5055, Strict compliance with the pre¬ 
scribed safety precautions and procedures of this 
nanual will help to avoid preventable accidents, 
md to maintain a work environment which is 
jonducive to good health. 

The following precautions should be taken to 
msure proper handling of radioactive electron 
ubes and safety of personnel: 

1, Radioactive tubes should not be removed 
from cartons until immediately prior to actual 
nstallation. 

2, When a tube containing a radioactive mate¬ 
rial is removed from equipment, it should be 
>laced in an appropriate carton to prevent pos- 
tible breakage, 

3. A radioactive tube should never be carried 
n one’s pocket, or elsewhere on a person in such 
i manner that breakage can occur, 

4, If breakage does occur during handling or 
■emoving of a radioactive electron tube, notify 
he cognizant authority and obtain the services 
tf qualified radiological personnel immediately, 

5, Isolate the immediate area of exposure to 
irotect other personnel from possible contamina- 
ion and exposure, 

6, Follow the established procedures set forth 
n NAVMED P-5055. 

7. Do not permit contaminated material to 
:ome in contact with any part of a person’s body. 

8. Take care to avoid breathing any vapor 
»r dust which may be released by tube breakage. 

9, Wear rubber or plastic gloves at all times 
iuring cleanup and decontamination procedures. 

10. Use forceps for the removal of large frag¬ 
ments of a broken radioactive tube. The remain¬ 
ing small particles can be removed with a 
acuum cleaner, using an approved disposal 
ollection bag. If a vacuum cleaner is not avail- 
ble, use a wet cloth to wipe the affected area, 
a this case, be sure to make one stroke at a 
hie. DO NOT use a back-and-forth motion, 
iter each stroke, fold the cloth in half, always 
olding one clean side and using the other for the 
ew stroke. Dispose of the cloth in the manner 
tated later. 

11. No food or drink should be brought into 
36 contaminated area or near any radioactive 
late rial. 

12. Immediately after leaving a contaminated 
rea, personnel who have handled radioactive 
laterial in any way should remove any clothing 
>und to be contaminated. They should also 


thoroughly wash their hands and arms with soap 
and water, and rinse with clean water. 

13. Immediately notify a medical officer if 
a wound is sustained from a sharp radioactive 
object. If a medical officer cannot reach the 
scene immediately, mild bleeding should be 
stimulated by pressure about the wound and the 
use of suction bulbs. DO NOT USE THE MOUTH, 
if the wound is of the puncture type, or the 
opening is small, make an incision to promote 
free bleeding, and to facilitate cleaning and 
flushing of the wound. 

14. When cleaning a contaminated area, seal 
all debris, cleaning cloths, and collection bags 
in a container such as a plastic bag, heavy wax 
paper, or glass jar, and place in a steel can 
until disposed of in accordance with existing 
instruction. Decontaminate all tools and imple¬ 
ments used to remove a radioactive substance, 
using soap and water. Monitor the tools and 
implements for radiation with an authorized 
radiac set; they should emit less than 0.1MR/HR 
at the surface. 

CATHODE-RAY TUBES (CRT’s) 

Cathode-ray tubes should always be handled 
with extreme caution. The glass envelope en¬ 
closes a high vacuum and, because of its large 
surface area, is subject to considerable force 
caused by atmospheric pressure. (The total force 
on the surface of a 10-inch CRT is 3750 pounds, 
or nearly two tons; over 1000 pounds is exerted 
on its face alone.) Proper handling and disposal 
instructions for CRT’s are as follows: 

1. Avoid scratching or striking the surface. 

2. Do not use excessive force when removing 
or replacing the CRT in its deflection yoke or 
its socket. 

3. Do not try to remove an electromagnetic 
type CRT from its yoke until the high voltage 
has been discharged from its anode connector 
(hole). 

4. Never hold the CRT by its neck. 

5. Always set a CRT with its face down on 
a thick piece of felt, rubber, or smooth cloth. 

6. Always handle the CRT gently. Rough 
handling or a sharp blow on the service bench 
can displace the electrodes within the tube, 
causing faulty operation. 

7. Safety glasses and gloves should be worn 
when handling CRT’s. 
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CLEANING SOLVENT 

The Navy does not permit the use of gasoline, 
benzine, ether, or like substances for cleaning 
purposes. Only nonvolatile solvents should be 
used to clean electrical or electronic apparatus. 

In addition to the potential hazard of acci¬ 
dental fires, many cleaning solvents are capable 
of damaging the human respiratory system in 
cases of prolonged inhalation. The following is 
a list of “Do Nots” when using cleaning solvents. 

1, DO NOT work alone in a poorly ventilated 
compartment, 

2. DO NOT breathe directly the vapor of any 
cleaning solvent for a long time. 

3, DO NOT spray cleaning solvents on elec¬ 
trical windings or insulation, 

4. DO NOT apply solvents to warm or hot 
equipment, since this increases the toxicity hazard. 

The following reminders are positive safety 
steps to be taken when cleaning operations are 
underway. 

1. Use a blower or canvas wind chute to blow 
air into a compartment in which a cleaning solvent 
is being used. 

2. Open all usable portholes, and place wind 
scoops in them. 

3. Place a fire extinguisher close by, ready 
for use. 

4. Use water compounds in lieu of other 
solvents where feasible. 

5. Wear rubber gloves to prevent direct 
contact, 

6. Use goggles when a solvent is being 
sprayed. 

7. Hold the nozzle close to the object being 
sprayed. 


Inhibited methyl chloroform (1,1,1 trichloro- 
ethane) should be used where water compounds 
are not feasible. Methyl chloroform is toxio 
and should be used with care since concentra¬ 
tions of the vapor can be fatal. Methyl chloroform 
is an effective cleaner and safe when reasonable 
care is exercised. Care requires plenty of 
ventilation and observance of fire precautions. 

For additional information on the safety pre¬ 
cautions to be observed when using solvents, 
see chapter 9670 of the NAVSHIPS Technical 
Manual. 

AEROSOL DISPENSERS 

Deviation from prescribed procedures in the 
selection, application, storage, or disposal of 
aerosol dispensers containing industrial sprays 
has resulted in serious injury to personnel be¬ 
cause of toxic effects, fire, explosion, and soon. 
Specific instructions concerning the precautions 
and procedures that must be observed to prevent 
physical injury cannot be given because there 
are so many types of industrial sprays available. 
However, all personnel concerned with the 
handling of aerosol dispensers containing volatile 
substances should clearly under stand the hazards 
involved and the need to use all protective meas¬ 
ures required to prevent personal injury. Strict 
compliance with the instructions printed on the 
aerosol dispenser will prevent many of tbs 
accidents which result from improper applica¬ 
tion, mishandling, or improper storage of in¬ 
dustrial sprays used in the Naval service for 
electrical and electronic equipment. 

SAFETY IS YOUR JOB —DO IT PROPERLY! 
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A.c. servomotors, 346 

Abrasive conditions, 532 

Acceleration correction, ships, 373 

Acceleration servo, 329 

Acceptance data, 503 

Accidents, causes of, 533 

Accuracy, operational, 347 

Adder-subtractor, 238 

Adjustments, balance, gain, phase, and, 347 

Administration, 496-506 

the importance of paper work, 496 
Advancement, how to qualify for, 4-7 
Advancement in rating, 4 

preparing for advancement, 7-10 
qualifying for advancement, 4-7 
Advancement, preparing for, 7-10 
Aerosol dispensers, 538 
Alignment, synchro, 393-398 
Amplifiers, booster, 409 
“AN”Nomenclature; system, 506 
AN/USM-206, test set, 459 

Analog computers, electrical and electronics 
computing elements of, 172-180 
Analog computers, fundamentals of, 163-201 
Analog computers in multiplication and divi¬ 
sional operations, 185-191 
Analog computers in summation operations, 
180-185 

Analog computers, rate computing loops, 199 
Analog computers, trigonometric functions, 
191-199 

Analog/digital and digital/analog conversions, 
46 

Analog vs digital computers, 253 
capabilities, 253 
precision, 253 
reliability, 253 
solution time, 253 
Analysis, numerical, 246 
Analyzer, spectrum, 489-495 
Ancillary data, 55-57 


Antenna system, 299 
Antennas, 285-289 

types of antennas, 288 
Applications, computer, 254 
Arithmetic, binary, 205-215 
Arithmetic circuits, 229- 238 
adder-subtractor, 238 
flip flops, 229-231 
registers, 231-238 
types of input, 231 
Arihmetic, control and units, 220 
Arming and safety, warheads, 42 
Atmospheric jets, 43-46 

B 

Balance adjustments, gain, phase, and, 347 
Balanced bridge circuits, 413 
Basic component parts, 115-162 
Basic gyro elements, 355 
Basic maintenance program, 508 
Basic operating principle of the open loop 
system, 313 

Basic operating principle of a closed loop 
system, (servo), 313-317 
Basic principles, 219-222 
binary number system, 221 
control and arithmetic units, 220 
input unit, 220 
memory unit, 220 
output unit, 221 
symbolic logic, 222 
Basic properties, gyroscopes, 353 
Basic resolver loop, 192-196 
Basic summing computing loop, 180 
Basic transmission system, 389 
Beam power requirements, 284 
Bias correcton, 374 
Binary arithmetic, 205-215 
Binary coded decimal (B.C.D.), 215-217 
Binary number systems, 221 
Block diagrams, schematic and, 317, 492 
Blocks, terminal, 162 
Bonding, shielding and, 526 
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Booster amplifiers, 409 

Brakes, locks and, 139 

Bridge circuits in meters, 444-448 

C 

Cabling, 151 
Cams, 122 

Capacitors, synchro, 398 

Cascading potentiometers for multiplications, 
187-189 

Cathode-Ray tubes (CRT’s), 268, 537 
Cathode-Ray oscilloscope, 460-471 

the tektronix type 545B oscilloscope, 460-471 
Changes to the publications, 501 
Characteristics, GMTS signal, 106 
Characteristics, servo, 329 
Circuit, run pendulum, 372 
Circuits, arithmetic, 229-238 
Circuits, balanced bridge, 413 
Circuits, logic, 222-229 
Circuits, servo, 330-334 
Circuits, time-delay, 263-268 
Classes of control systems, 313 
Classification of data transmission systems, 389 
Classification of jet systems, 43 
Classification of synchros, 392 
Classified publications, 502 
Cleaning and lubricating electronic equipment, 
529 

Cleaning and lubricating mechanical parts, 528 
Cleaning optical lenses, 531 
Cleaning solvent, 538 

Closed loop system, (servo) basic operating 
principle, 313-317 
Clutches, 137-139 

Coaxial cables and connectors, 154-159 
Coding, 215-219 

binary coded decimal (B.C.D.), 215-217 
gray code, 217 
octal numbers, 218 
Coincidence circuits, 262 
Collimation, radar, 310 
Combination systems, 305 

Combining the fine and coarse systems, 403 
Comparison of a.c. and d.c. servos, 345-347 
a.c. servomotors, 346 
d.c, servomotors, 346 
Comparison of pulse and CW radar, 310 
Components, electrical, 148-162 
Components, electromechanical, 129-148 
Components, mechanical, 115-129 
Components of a spectrum, 490 
Computer applications, 254 
Computer, digital Mk 152, 254 
Computer subsystem, 83 


Computers, analog, 163-201 
Computers, analog vs digital, 253 
Computers, fundamentals of digital, 202 
Computers, introduction to digital, 202 
Computers, trigonometric functions in analog; 

191-199 

Computers, types of, 83 
Computing elements, electromechanical. 
Computing loop, basic summing, 180 
Conduct of test, 104 
Conductors and terminals, 525 
Control and arithmetic units, 220 
Control system, definition of, 313 
Control systems, classes of, 313 
Control system terminology and symbols, 
schematic and block diagrams, 317 
symbols and definitions, 318 
system type identification, 318 
Connectors, 152-154, 524 
Connectors, coaxial cables and, 154-159 
Continuous wave, 282 
Control systems, 407 
Coordinate conversion, 54 
Coordinate systems, 68-71 
Coordinates, transmission of, 71 
Corrective maintenance, 508, 515-517 
Corrosion control, 532 
moisture prevention, 532 
Cosal, definition of, 503 
Cosine loops, inverse sine and, 199 
Countermeasures, radar, 311 
Counters and dials, 127-129 
Counting circuits, 258-262 
Counting in base two and base ten, 203 70 

Coupling devices, 116-121 
Crimping, 518 
CW radar systems, 305-312 
combination systems, 305 
fundamental doppler system, 305 

.... 4 ' 

D 

D. c. servomotors, 346 
Damping, 348-351 
degree, 348 
types, 349-351 
Data, ancillary, 55-57 
Data conversion, 54, 85 
Data processing, 54, 82-85 
calibration, 84 
computer subsystem, 83 
data conversion, 85 
types of computers, 83 
Data, target, 55-57 
Defective components, 518 
Definition of a control system, 313 
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ifinitton of a gyroscope, 353-355 
ifinitions and symbols, 318 
igree of freedom, 361 
itection, 74 
elevation, 74 

true bearing and slant range, 74 

itermination, roll and pitch, 367 
rvices, input and output, 246-253 
svices, magnetic, 245 
)vices, memory, 238-245 
ivices, special circuits and, 258-280 
>vices, TR and ANTI-TR, 299-301 
agram, block, 492 
als and counters, 127-129 

ffraction, reflection and refraction principles, 
M 

gital vs analog computers, 253 
gital data representation, 414-416 
gital computers, fundamentals, 202 
gital computers, introduction to, 202 
gital computer Mk 152, 254-257 
description, 257 
functions, 254-257 
weapons system relationship, 257 

igital transmission systems, 413-427 
analog/digital and digital/analog conversions, 
416 

digital data representation, 414-416 
Irect-view storage tube, 270 
Lsadvantages of 36:1 synchro transmission, 403 
iscrimination and resolution, 292 
isk, magnetic, 244 

ivision and multiplication operations in 

uialog computers, 185-191 

Ivision with potentiometers, 189 

oppler system, fundamentals, 305 

ouble-ended potentiometer as a multiplier, 187 

rums, magnetic, 240-244 

uties and responsibilities, 3 

E 

-transformers, 382-385 
ffect of mechanical drift, 363-367 
ffect of rotation of the earth, 361-363 
ffects, miss producing, 61 
lectric shock, 534 
lectrical components, 148-162 
cabling, 151 

coaxial cables and connectors, 154-159 
connectors, 152-154 
fuses, 148-151 
lamps, 159-162 

stuffing tubes and kickpipes, 15S 
terminal blocks, 162 


Electrical and electronic computing elements of 
analog computers, 172-180 

gain compensating resistor, 179 
parallel resistor networks, 172-179 
Electrical measurements, precautions and 
procedures, 448-450 

Electrical meters, 428 

bridge circuits in meters, 444-448 
electronic meters, 433-439 
meggers, 439-441 
multimeter AN/PSM-4, 429-433 
multimeters, 429 
precautions in use of meters, 444 
techniques for meter use, 441-444 
Electro servo, 319 
Electrohydraulic servo, 321-325 

Electromechanical components, 129-148 
clutches, 137-139 
locks and brakes, 139 
potentiometers, 144-146 
relays, 133-137 
resolvers, 140-144 
switches, 129-133 
synchros, 140 

tachometer generators, 146-148 

Electromechanical computing elements, 166-172 
potentiometers, 166-171 
rate generators, 171 
Electromechanical servo, 320 
Electron tubes, radioactive, 536 
Electronic counter, 471-474 

Electronic equipment, cleaning and lubricating, 
529 

Electronic meters, 433-439 
Electronic scanning, 291 

Elements, electromechanical computing, 166-172 
Elevation, 74 

Emissions, frequency measurements of, 481-484 
Energy transmission, pulse of, 283 
Energy transmissions, types of, 280-283 
continuous wave, 282 
pulse-doppler, 283 
Enlisted rating structure, 1-4 

Environmental problems, 531 
abrasive conditions, 532 
humidity, 532 
pressurization, 532 
shock and vibration, 532 
temperature, 531 

Equipment maintenance, 509-517 
corrective maintenance, 515-517 
trouble isolation, 510-515 

Equipment upkeep, 509 
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Equipment wiring, 524-527 

conductors and terminals, 525 
connectors, 524 
safety wiring, 527 
shielding and bonding, 526 
shock mounts, 526 
Erecting process, 371 
Exclusive-or circuits, 227 

F 

Films, training, 11 

Fine and coarse systems, combined, 403 
Fire control coordinate systems, 72-74 
Fire control problem, 55-74 
ancillary data, 55-57 
coordinate systems, 68-71 
fire control coordinate systems, 72-74 
fire control subsystems, 57-61 
miss producing effects, 61 
reference frames, 61-68 
target data, 55 

transmission of coordinates, 71 
usable data, 57 

Fire control radars, fundamentals of, 258-312 
Fire control technician missile, 1-10 
Fire control technician rating, 2 
duties and responsibilities, 3 
types of rating, 2 
Fire control subsystems, 57-61 
Fire control system operation, 114 
Flight paths, missile, 48 
Flight path phases, 51 
Floated gyro unit, 378 
Forces affecting flight paths, 48 
Frames, reference, 61-68 
Freedom, degree of, 361 

Frequency measurements of emissions, 481-484 
Frequency response, 351-352 
F.T.M. supply duties, 503 
Functions of the system, 54 
coordinate conversion, 54 
data conversion, 54 
data gathering, 54 
data processing, 54 
missile launching control, 55 
Fundamental doppler system, 305 
Fundamental elements of pulse radar systems, 
293 

antenna system, 299 
display of information, 304 
modulator, 296-299 
receivers, 301-304 
timer, 294 

TR and ANTI-TR devices, 299-301 
transmitter, 295 


Fundamentals of analog computers, 163^201 

Fundamentals of digital computers, 202-25f y 

Fundamentals of fire control radars,. '.258-% 

Fundamentals, missile, 12-40 

Fueling precautions, 112 

Fuses, 148-151 . : 

Fuze testing, 105 

Fuzes, 41 ' ’ 


Gain compensating resistor, 179 
Gain, phase, and balance adjustments, 347 
General maintenance, 527-531 ; 

cleaning and lubricating electronicequipnifti 
529 c -Ui ' 

cleaning and lubricating mechanicalpairts^Sf 
cleaning optical lenses, 531 
inspections, 529 

rotating machinery maintenance, 529-531 
General maintenance, trouble isolation and, 
507-538 

General purpose test equipment, 106, 428-49S 
General safety precautions, 110, 535 
Generators, tachometer, 146-148 
Gimbal system, 369-371 
GMTS sections, 104 
GMTS signal characteristics, 106 
Gray code, 217 
Guided flight paths, 51 
Guided missile, 12-53 
Guided missile testing, 103-106 
conduct of test, 104 
fuze testing, 105 

general purpose test equipment, 106 
GMTS sections, 104 
GMTS signal characteristics, 106 
guided missile test set, 104 . 

Gyro damping, 388 
Gyroscopes, 353-388 

basic propertities, 353 
definition of, 353-355 
elements of, 355 
use of, 355 

Gyros used in guided missiles, 381-382 
free gyros, 381 
rate gyros, 382 

H 

Hand rules, 360 
Hero precautions, 113 
Holding frictions, 121 

I 

Identification of synchros, 392 
Identification, system type, 318 
Importance of paper work, 496 
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ndex, ship’s plan, 503 
reformation, gathering, 75-82 
detection, 75-79 
tracking, 79-82 
nformation, source of, 10 
nhibitor circuits, 227 
nput amplifiers and line drivers, 427 
nput and output devices, 246-253 
converters, 248 
input devices, 249 
output devices, 250 
nput, types of, 231 
nput unit, 220 

nstructions and notices, 497 
ntraship data transmission, 389-427 
basic transmission system, 389 
classification of data transmission systems, 
389 

switch control transmission systems, 389 
ntroduction to digital computers, 202 
ntroduction to scale factors, 164-166 
choice of scale factors, 165 
scale factor analysis, 165 
scale factors in analog computers, 164 
nverse sine and cosine loops, 199 

J 

iet system, classification of, 43 

K 

Cickpipes, stuffing tubes and, 159 
Clystron tubes, 271-277 

L 

..amps, 159-162 
^atitude correction, 374 
_,aw of motion, Newton, 48 
.evel and crosslevel, 368 
.evels of storage, 239 
_.ine drivers and input amplifiers, 427 
.ocks and brakes, 139 
.ogic circuits, 222-229 
and circuits, 223 
exclusive-or circuits, 227 
inhibitor circuits, 227 
nand circuits, 226 
nor circuits, 227 
not circuits, 225 
or circuits, 224 
pulse reshaping circuits, 228 
.ogic, symbolic, 222 
.oops, 192-201 

basic resolver, 192-196 
inverse sine and cosine, 199 


M 


Mach numbers and speed regions, 49-51 
Machinery maintenance, rotating, 529-531 
Magnetic devices, 245 
Magnetic disk, 244 
Magnetic drums, 240-244 
Magnetic tape, 244 
Maintenance, 410 
Maintenance, equipment, 509-517 
Mandatory turn-in repairables, 504 
Mechanical components, 115-129 
cams, 122 

coupling devices, 116-121 
dials and counters, 127-129 
holding frictions, 121 
protective devices, 123-127 
shafts, 115 

Mechanical drift, effect of, 363-367 
Mechanical parts, cleaning and lubricating, 528 
Mechanical scanning, 290 
Memory devices, 238-245 
levels of storage, 239 
magnetic disk, 244 
magnetic drums, 240 
magnetic tape, 244 
other magnetic devices, 245 
Memory unit, 220 
Meter use techniques, 441-444 
Meters precautions, in use of, 444 
Methods of scanning, 290 
Micromaintenance, 521 
Miss producing effects, 61 
Missile control, 85-90 
guidance, 87-90 
launching, 85-87 
Missile designation, 15 
Missile direction (guidance), 92 
Missile handling, 95-103 

missile handling precautions, 102 
NWS handling, 95-100 
shipboard handling, 100-102 
Missile flight paths, 48-53 
acceleration, 49 
flight path phases, 51 
forces affecting flight paths, 48 
guided flight paths, 51 

mach numbers and speed regions, 49-51 
Newton's law of motion, 48 
Missile fundamentals, 12-40 
control, 24-32 
guidance, 32-40 
missile designation, 15 
missile requirements, 12 
missile subsystems, 16-20 
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Missile fundamentals (continued) 

SMS missiles, 13 
standard missile, 13-15 
structure, 20-24 
Missile launching, 55, 91 
Missile requirements, 12 
Missile selection, 91 
Missile subsystems, 16-20 
Missile system testing, 95-114 
Modulators, 296-299, 334-345 
demodulation, 336-338 
servoamplifiers, 338-345 
Moisture prevention, 532 
Multimeters, 429 

Multiplication and divisional operations in 
analog computers, 185-191 

cascading potentiometers for multipli¬ 
cation, 187-189 

division with potentiometers, 189 
double-ended potentiometers as a 
multiplier, 187 

multiplication of two variables with a 
potentiometer, 185-187 
servo multiplier, 190 
Multiplication of two variables with a 
potentiometer, 185-187 
Multiplier, servo, 190 


N 

NAVORD forms, 498 
Newton's law of motion, 48 
Notices, instruction and, 497 
Number system, binary, 221 
Numbering systems, 202-215 
binary arithmetic, 205-215 
conversions, 204 

counting in base two and base ten, 203 
positional notation, 203 
Numbers, octal, 218 
Numerical analysis, 246 
NWS handling, 95-100 


O 

Octal numbers, 218 

Open loop system, basic operating principle, 313 
Operability test, 106-109 
Talos, 109 
Tartar, 106 
Terrier, 106 
system, 106-109 

Operation, position and velocity servo, 

325-327, 329 


Operational accuracy, 347 ’ > 

degree of damping, 348 
frequency response, 351-352 
gain, phase, and balance adjustments, - 947 
hunting, 348 

response time, 348 ‘ ’ 

stabilization, 348 

types of damping, 349-351 - -a 

Operational phases, weapon system, 90-94 
Optical lenses, cleaning, 531 
Ordnance alterations, 500 
Ordnance data, 498 
Ordnance drawings, 503 
Ordnance identification data, 504 
Ordnance identificaton, sources of, 504 
Ordnance pamphlets, 497 
Ordnance precautions. 111 
Oscilloscope, 460-471 
Output unit, 221 

P 

Paper work, the importance of, 496 
Parallel resistor network, 172-179 
Payload, 40 

Phase, gain and balance adjustments, 347 
Pitch and roll determination, 367 
Planned maintenance, 508 
equipment upkeep, 509 
system upkeep, 508 
Pneumatic and hydraulic safety, 113 
Position servo operation, 325-327 
Positional notation, 203 

Potentiometer, double-ended as a multiplier, 187 
Potentiometers, 144-146, 166-171 
Potentiometers, division with, 189 
Power measures, 484-488 

Power systems, types of, 319-325 d 

electric servo, 319 
electrohydraulic servo, 321-325 
electromechanical servo, 320 
Practice devices, 407 
Precautions, 110-113 
fueling, 112 
general safety, 110 
hero, 113 
ordnance, 111 

Precautions in missile handling, 95-103 
Precautions in use of meters, 444 
Precautions and procedures in making electri¬ 
cal measurements, 448-450 
Precautions in test making, 456-459 
Precession, 358-367 

degrees of freedom, 361 
effect of mechanical drift, 363-367 
effect of rotation of the earth, 361-363 
hand rules, 360 
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‘reparation, program, 246 

‘reparing for advancement, 7-10 

‘reventive maintenance, 507 

‘rinciples of analog computers, 163 

‘rinciples, basic, 219-222 

‘rinciple of gyros, 353-388 

‘rinciple of a closed loop system (servo), 

basic operation, 313-317 

‘rinciple of the open loop system, basic 

operations, 313 

‘rinciples of reflection, refraction and diffraction, 
284 

diffraction, 285 
reflection, 285 
refraction, 285 

Principles of servos, 313-352 

basic operating principle of a closed loop 
system (servo), 313-317 
basic operating principle of the open loop 
system, 313 

classes of control systems, 313 
definition of a control system, 313 

Printed circuits, 522 
Problem, fire control, 55-74 
Problem sequence, 93 
Problems, environmental, 531 
Processing, data, 54, 82-85 
Program preparation, 246 

Programming, 245 
checking, 246 
coding, 246 
control, 245 
numerical analysis, 246 
program preparation, 246 

Propulsion, 43-48 

atmospheric jets, 43-46 
classification of jet systems, 43 
rocket motors, 46-48 
Protective device, 123-127 
Publications, 10, 496-503 
acceptance data, 503 
changes to the publications, 501 
classified publications, 502 
instructions and notices, 497 
NAVORD forms, 498 
ordnance alterations, 500 
ordnance data, 498 
ordnance drawings, 503 
ordnance pamphlets, 497 
other publications, 502 
ship's plan index, 503 
SMS technical bulletins, 498 

Publications, changes and classified, 501, 502 


Pulse and CW radar comparison, 310 
Pulse-doppler, 283 

Pulse of energy transmission, 283 
beam power requirements, 284 
beam requirements, 284 
Pulse radar systems, fundamental elements, 
293-305 

Pulse reshaping circuits, 228 

O 

Qualifying for advancement, 4-7 


R 

Radar collimation, 310 
Radar countermeasures, 311 
Radar systems, CW, 305-310 
Radar test considerations, 481-489 

frequency measurement of emissions, 
481-484 

power measures, 484-488 
receiver sensitivity, 488 

Radioactive electron tubes, 536 

Rate computing loops of analog computers, 199 

Rate generators, 171 

Rate gyros, 376-378 

Rating, advancement in, 4 

Rating, the fire control technician, 2 

Rating, types of, 2 

Receivers, 301-304 

Reference frames, 61-68 

Reflection, refraction and diffraction principles, 
284 

Relays, 133-137 
Repair, checking after, 518 

Repair techniques, 518-524 
crimping, 518-521 
micromaintenance, 521 
printed circuits, 522 
soldering, 518 
transistor servicing, 523 

Repairable s, mandatory turn-in, 504 
Representation, digital data, 414-416 
Requirements, beam power, 284 
Requirements, missile, 12 
Resistor networks, parallels, 172-179 
Resolution and discrimination, 292 
Resolver application, 407 
Resolver compensators, 409 
Resolver loop, basic, 192-196 
Resolver operation, 407-409 
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Resolver systems, 407-410 
application, 407 
booster amplifiers, 409 
compensators, 409 
maintenance, 410 
operation, 407-409 
zeroing a resolver, 409 
Resolvers, 140-144 
Response time, 348 
Responsibilities and duties, 3 
Rigidity, 356-358 
Rocket motors, 46-48 
Roll and pitch determination, 367 
Rotating machinery maintenance, 529-531 
Rotation of the earth, effect of, 361-363 
Run pendulum circuit, 372 

S 

Safety, 109-114 

fire control system operation, 114 
fueling precautions, 112 
general safety precautions, 110 
hero precautions, 113 
ordnance precautions. 111 
pneumatic and hydraulic safety, 113 
safety philosophy, 109 
Safety and arming, warheads, 42 
Safety philosophy, 109 
Safety, pneumatic and hydraulic, 113 
Safety precautions, 110, 533-538 
aerosol dispensers, 538 
cathode-ray tubes (CRT's), 537 
causes of accidents, 533 
cleaning solvent, 538 
electric shock, 534 
general safety precautions, 535 
radioactive electron tubes, 536 
Safety wiring, 527 

Scale factors, analysis and introduction to, 
164-166 

Scanning, 289-292 

electronic scanning, 291 
mechanical scanning, 290 
methods of scanning, 290 
types of scanning, 289 
Schematic and block diagrams, 317 
Sensing elements, 331 
Sensors, 382-388 

E-transformers, 382-385 
microsyn, 385 
Servo characteristics, 329 
Servo circuits, 330-334 
sensing elements, 331 
synchronizing circuits, 331-334 
Servo multiplier, 190 


Servos, principles of, 313-352 
Servos, types of, 319-325 5 . 

electric, 319 

electrohydraulic, 321-325 
electromechanical, 320 
Shafts, 115 

Shielding and bonding, 526 
Shipboard handling, 100-102 
Ship's acceleration correction, 373 
Ship's plan index, 503 
Shock mounts, 526 
Shock and vibration, 532 
Signal generator, 474-478 

function generator, 478-481 
Signal tracing, 517 ’ 

Single-degree-of-freedom, gyros, 375-381 
floated gyro unit, 378 8 

rate gyros, 376-378 
Slant range, true bearing and, 74 
SMS missiles, 13 
SMS technical bulletins, 498 
Soldering, 518 
Solution time, 253 
Source of information, 10 

publications you should know, 10 
training films, 11 

Sources of ordnance identification, 504 
Special circuits and devices, 258-280 
cathode-ray tubes, 268 
coincidence circuits, 262 
counting circuits, 258-262 
direct-view storage tube, 270 
klystron tubes, 271-277 
time-delay circuits, 263-268 
traveling wave tube (TWT), 277-280 
Spectrum analyzer, 489-495 •> 

block diagram, 492 

components of a spectrum, 490 -8 

Speed regions, mach numbers and, 49-51 : 

Sperry Mk 19 MOD 3 gyrocompas, 374 
Stable element Mk 16, 368-374 
bias correction, 374 
erecting process, 371 

gimbal system, 369-371 -r 

latitude correction, 374 
level and crosslevel, 368 
run pendulum circuit, 372 
ship's acceleration correction, 373 
Standard missile, 13-15 
Sti transmission system, 410-413 
Stickoff voltage, 404 
Storage, level of, 239 
Storage tube, direct-view, 270 
Stuffing tubes and kickpipes, 159 i 

Substitution, test probe, 518 r 

Subsystems, fire control, 57-61 
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Subsystems, missile, 16-20 
Summary of analog computers, 200 
Summation operations in analog computers, 
180-185 

basic summing computing loop, 180 
summation of voltages with dissimilar scale 
factors, 181-185 
Supplies, 503-506 

“AN” nomenclature system, 506 
cosal and what it means, 503 
mandatory turn-in repairables, 504 
ordnance identification data, 504 
sources of ordnance identification, 504 
supply duties of the FTM, 503 
Switch control transmission systems, 389 
Switches, 129-133 
Symbolic logic, 222 
Symbols and definitions, 318 
Symbols and terminology, control system, 317- 
319 

Synchro alignment, 393-398 
Synchro capacitors, 398 
Synchro system accuracy, 399-403 
Synchro systems, 390-405 
classification of, 392 

combining the fine and coarse systems, 40 3 
disadvantages of 36:1 synchro transmission, 
403 

identification of, 392 
stickoff voltage, 404 
synchro alignment, 393-398 
synchro capacitors, 398 
synchro system accuracy, 399-403 
types of, 391 

zeroing dual-speed synchro systems, 404 
ynchro transmission, disadvantages of 36:1, 403 
ynchronizing circuits, 331-334 
ynchros, 140; synchros, classification of, 392 
ynchros, identification of, 392 
ynchros, types of, 391 
ystem upkeep, 508 
ystems, combination, 305 
ystems, coordinate, 68-71 
ystems, CW radar, 305-310 
ystems, numbering, 202-215 
ystem operability test, 106-109 
Talos, 109 
Tartar, 106 
Terrier, 107-109 
ystem type identification, 318 

T 

achometer generators, 146-148 
alos operability test, 109 
ape, magnetic, 244 


Target classification, 91 
Target data, 55-57 
Target detection, 91 
Target location, 91 
Tartar operability test, 106 
Techniques for meter use, 441-444 
Techniques, repair, 518-524 
Tektronix type 545B oscilloscope, 460-471 
Terminal blocks, 162 
Terminals, conductors and, 525 
Terminology and symbols, control systems, 
317-319 

Terrier operability test, 107-109 
Test, conduct of, 104 
Test for Beta, 459 
Test probe substitution, 518 
Test set AN/USM-206, 459 
Testing, guided missile, 103-106 
Testing, missile system, 95-114 
Time-delay circuits, 263-268 
Time, solution, 253 
TR and ANTI-TR devices, 299-301 
Training films, 11 
Transistor servicing, 523 

Transistor testing, 456-460 

precautions to take before making tests, 
456-459 

test for beta, 459 

test set AN/USM-206, 459 

Transmission of coordinates, 71 
Transmission energy, pulse of, 283 
Transmission energy, types of, 280-283 

Transmission systems, 389 
basic, 389 

classification of data, 389 
switch control, 389 

Transmission systems, digital, 413-427 
Transmitter, 295 

Traveling wave tube (TWT), 277-280 

Trigonometric functions in analog computers, 
191-201 

basic resolver loop, 192-196 
composition, 196-199 
inverse sine and cosine loops, 199 
resolution, 196 

Trouble isolation and general maintenance, 
507-538 

basic maintenance program, 508 
corrective maintenance, 508 
preventive maintenance, 507 
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Troubleshooting, 517 

changing after repair, 518 
defective components, 518 
procedures, 517 
signal tracing, 517 
test probe substitution, 518 

Troubleshooting a synchro system, 405-407 
control systems, 407 
opens, shorts, and reversals, 407 
protective devices, 407 
references, 407 

True bearing and slant range, 74 
Tube test set, 450 
Tube testers, 450-456 

tube test set TV-10/U, 450 

Tubes, cathode-ray (CRT's), 268, 537 
Tubes, klystron, 271-277 


U 

Unit, floated gyro, 378 
Upkeep, system and equipment, 508-509 
Usable data, 57 
Use of gyros, 355 


V 


Velocity servo operation, 327-329 
Vibration, shock and, 532 

Voltages with dissimilar scale factors, 181-18£ 

W 

Warheads, 40-43 
fuzes, 41 
payload, 40 
safety and arming, 42 
Wave, continuous, 282 
Weapon control systems, 54-94 
Weapon system operational phases, 90-94 
missile direction (guidance), 92 
missile launching, 91 
missile selection, 91 

target classification, 91 
target detection, 91 
target location, 91 
Weapons system relationship, 257 

Zeroing dual ^ 

Zeroing dual-speed synchro systems, 404 
Zeroing a resolver, 409 
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